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SYNOPSIS M. Simpson 
The purpose of the research investigation was to study the application of 
semi-active control technology to the design of a suspension system to be 
used in a landing gear of a high speed military aircraft. A semi-active 
system was used because it will allow a system to be driven from the 
hydraulic systems already existing in the aircraft without extensive 
modification. 
The research work involved establishing a theoretical mathematical model 
for the semi-active damping system. This model involved a large number of 
non-linear dynamic phenomena and elements including a two-stage gas 
spring, lever geometry, break out friction, square law damping and the 
switching function needed to achieve the semi-active control. Validation 
of the model was carried out by means of an extensive study of the dynamic 
responses obtained from digital simulation. 
An extended programme of laboratory experiments was also carried out to 
confirm the theoretical and simulated results, and to demonstrate the 
potential benefits in performance which can be achieved with those 
obtained from standard and optimized passive suspension system. The 
experimental rig involved a physical model which used hydraulic elements 
of a general industry standard, but not specially approved for aircraft 
use. The apparatus was arranged to permit a considerable degree of 
freedom for implementing the control laws which facilitated the assessment 
of different control schemes and allowed, at the same time,, the ready 
simulation of various passive damping arrangements. 
An extensi ve seri es of tri al s vvas carried out on the final design and 
involved frequency response tests and subjecting the experimental 
suspension to inputs obtained from a simulated runway profile. The 
profile simulation was a discrete representation of a particular runway 
chosen for its roughness which was characteristic of runways from which 
high-speed military aircraft operate. 
From the research investigation and these trials it was established that 
semi-active control of the damping function is superior to standard 
techniques and achieves a substantial reduction in the energy transmitted 
to the airframe during ground manoeuvres. 
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T 
Introduction 
Aircraft landing gear are complex mechanisms that are required to 
satiS fy a diverse set of design criteria, and meet the rigorous 
specifications of aircraft manufacturers and the requirements of 
airworthiness authorities. Many aspects of these demands will be unique 
to each individual aircraft. Moreover, there are many elements of these 
requilrements that differ greatly from those generally applied to the 
suspension systems of other vehicles. The most significant of these 
differences results from the obvious fact that aircraft must take to the 
air and must subsequently return to the ground in safety. 
The need to land safely demands that a landing gear system is able to 
accommodate the impact of the aircraft with the ground upon landing. 
Landing must not result in either the generation of e; Kcessive forces or 
be -Ln-: ' cause of undue discomfort to the crew and/or the passengers. 
These requirements mean that landing gear must efficiently absorb and 
dissipate the vertical energy of the aircraft at touchdown. Also, like 
all other vehicle suspension systems, the landing gear must also provide 
a stable platform for the aircraft during a wildee range of ground 
manoeuvres which include taxiing at slow, medium and high speeds, 
cornering at slow speeds, and braked taxi from high speed during landing 
roll-out. 
Experience has shown that the suspension system characteristics which 
are optimum for landing and taxiing are mutually exclusive because these 
are two distinct and dissimilar phases of operation. However, it is 
conventional for the landing phase performance to be of primary concern 
during the design of the gear, and for the behaviour Of aircraft on the 
ground to be considered a secondary consideration. Thus, it is not 
surprising to find that, in general, the suspension characteristics of 
aircraft landing gear designed in this manner are poor. This lack of 
performance as a suspension during ground operations has become 
increasingly significant in recent times due to developments in both the 
design and the construction of large aircraft and to certain changes in 
the operational environments in which tactical aircraft are required to 
operate. 
The suspension characteristics of conventionally designed landing gear 
have been shown previously to be inadequate to meet these evolving 
needs, in particular the operation of tactical aircraft 'From bomb 
damaged or semi-prepared airfields. Considerable research work has been 
conducted to determine and to analyse the dynamic responses of aircraft 
during taxiing on a wide range of runway representations. The need to 
improve the suspension characteristics of land-Ing gear and the 
difficulty of defining criteria against which performance benefits may 
be assessed has been discussed by a number of researchers in the field. 
Notably, an analysis conducted by Kirk and Perry (1971) concluded that 
the orifice damping coefficient of 4 7 I. Lhe Boeing 70' main landing gear 
should be increased, for taxi only, by an order of magnitude. This 
change wo-ild result in a reduction in the root-mean- square acceleration 
predicted for the aircraft centre of mass by a factor of approximately 
two. Also, a decrease of the stiffness of the shock absorber spring 
elersient was considered to be very advantageous in reducing vibration 
levels within the airframe. A statistically based approach, namely the 
power spectral density method, was used in this analysis. This required 
the linearization of the strongly non-linear characteristics of the 
suspension system and provides only an average measure of aircraft 
responses. Consequently, this type of analysis is considered to be 
applicable only when small excursions of the suspension system are 
experienced about its static balance point, a situation that is only 
likely to occur when an aircraft is operating from runways of high 
quality. 
The operation of aircraft from poor quality and/or repaired runways isof 
particular interest to the military and for such work more deterministic 
methods of analysis are required. Typically, Rehder and Mosby (1905) 
made use of a complete non-linear representation of the landing gear 
system, with a two dimensional symmetric model for a flexibie airframe 
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to study the taxi behaviour of IChe Lockheed C-5A aircraft. In th-1 s 
study, a variety of discrete, 1-cosine shaped bumps were used to 
represent ground roughness. The critical ground loads experienced during 
a range of ground manoeuvres were then assessed. Considerable 
computational effort is involved with such a deterministic approach and 
does not facilitate its use in a parametric design study of suspension 
characteristics. It is not surprising therefore that such an approach 
has been, in this case, applied to the assessment of the capabilities of 
%. A previously defined design rather than to establish the optimum 
suspension to handle ground roughness. 
Deterministic methods of analysis are nevertheless the most commonly 
applied techniques and considerable efforl. has been expe-nded in the 
gathering of test data to confirm these methods. Notably, Caldwell, 
Gerardi and Borowski (1979) reported on the work done in the assessment 
of the analysis of the effects of runway roughness on thcMcDonnell 
Douglas F-4 aircraft. This work once again highlighted the need to 
increase the damping and to reduce the spring stiffness of the landing 
gear hifrinn -ý; 4xj 8 modified spring char; zr+orýS+i, ---q11+-aA 
4-kn-& 
%. A %, IP '-A 
was shown to reduce ground loads by approximately 30%. No comments were 
made however, as to the effects this modification would have upon 
landing performance, but the spring function illustrated did require a 
'he wheel spin-up and high preload, which may have adverse effects upon I 
spring-back loads experienced during landing. 
I-It, is important that any modification made to a landing gear system 
should not have an adverse effect upon landing performance. Hai nes 
(1982) reiterates this requirement in his presentation of the 
experimental work of Whitehead at Dowty Rotol Ltd., in which passive 
shock absorbers modified to incorporate self-adaptive damping 
characteristics were shown to offer substantial improvements in ground 
taxi capability and retain their landing impact performance. Although 
such developments are important and valuable, it is self evident that 
passive suspension systems when used on vehicles are not capable of 
maint. aining optimum performance throughout a wide range of operational 
conditions and that active control technology should offer significant 
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performance improvements. 
There are many active suspension technologies and methods of synthesis 
that have been developed or proposed for a wide variety of ground 
vehicles. In general, these technologies require considerable control 
power, which for aircraft application usually equates to additional weight 
which will penalise the flight performance of the aircraft. Indeed, the 
extremely high power requirements of one such experimental implementation 
of a fully active suspension system, known as the 'Series Active Landing 
Gear Concept', showed a demand for hydraulic power very much greater than 
that required by other on board hydraulic powered equipment. 
The work detailed in this report relates to the investigation, both 
analytical and practical, of the application of semi-active control; a 
particular category of active control technology that may be well suited 
to aircraft landing gear. Semi-active control technology was considered 
for application to the design of landing gear because of the following 
significant features. First, the control power requirement of such a 
LI -avail r 'ow anu would probaL)! y lable sYS -t E ri-, -1 ons -1 de red be met usifig power 
from the existing hydraUliC systems fitted to aircraft. Second, such a 
system may offer in theory near-optimum suspension characteristics which 
are not available using conventional passive technology. Next, unlike 
other active control systems, the performance of a semi-active suspension 
is not primarily dependent upon the power consumed. Additionally, 
semi-active technology may also offer a solution to the dilemma between 
the optimization of both 4L-, he landing and the taxi phase performance of the 
suspension system. Finally, it was thought likely that a semi-active 
landing gear system could be accommodated within a physical envelope that 
is not significantly larger than that defined by a conventional landing 
gear system and may be arranged so that a passive failsafe capability 
54t could be achieved. Thus It was considered worLhwhile to investigate the 
application of semi-active technology to the suspension system of an 
aircraft. 
This report on the work undertaken to meet this objective is divided into 
a number of chapters. A discussion of the conventional approach to 
the design of aircraft suspension systems is contained in Chapter 
which also highlights the characteristics of typical shock absorber 
systems that are the result of this process. Characteristics of such 
systems are identified that may be detrimental to the performance of the 
suspension system during the ground manoeuvring phase of aircraft 
operations. The more recently evolved changes to aircraft and their 
operational requirements which have led to a demand for improvements in 
the performance to the suspension characteristics of aircraft landing 
gear are then discussed in Chapter 3 in which those design features of 
landing gear that are considered to be of benefit in this respect are 
also given in detail. 
Chapter 4 contains a brief introduction to the concept of active control 
applied to suspension systems and makes reference to the work of others 
in this field. Semi-active control technology is identified as being 
weii suited to needs of aircraft landing gear and Lhe principles of 
operation of such a system are also developed here. A limited 
analytical study of its suspension characteristics in comparison to 
those of both a conventional Dassive and an alternative fully-active 
system are also detailed in this chapter. 
The practical details of the design and construction of a two-thirds 
scale model landing gear are described in Chapter 5. Thi s apparatus was 
devised to function as a semi-active suspension system and was 
configured to facili-Itate chanqes in the damping control algorithm. The 
basic mathematical model of the idealised semi-active suspension system 
that was described in Chapter 4 was extended to include those non-linear 
and linear characteristics of the experimental apparatus which were 
considered to be significant. Chapter 6 contains a description of these 
characteristics , 
and the elements of the mathematical model developed to 
take proper account of them. 
The results of an extensive series of laboratory trials on the major 
component parts of the system and the complete experimental suspension 
system are presented and discussed 'in Chapter 7. This chapter also 
*5- 
details the modifications and improvements to the semi-active control 
algorithm which were investigated during these trials. 
Chapter 8 details the validation and verification of the mathematical 
model of the suspension system; which was carrIed out by comparison with 
data obtained from the experimental work. 
Conclusions and recommendations for further work are made in Chapter 9. 
The physical units used throughout this work are in the British Imperial 
system of measurement; this system was chosen to allow the test results 
obtained to be compared directly with previous references and to be 
inline with the calibration equipment that was available for use in the 
experimental work. 
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Chapter 2 
A Brief Review of the Design Requirements and Procedures that are 
Currently Employed in the Design of Aircraft Landing Gear 
The primary purpose of the landing gear on an aircraft is to modify the 
forces on the airframe which arise on landing. These forces which are 
developed as a consequence of the change of vertical momentum of the 
airframe on contacting the ground can be modified in a variety of ways. 
One of the chief methods is to absorb and dissipate, in dedicated 
elements of the landing gear system, the energy associated with the 
momentum transfer. Thus, the principal design objective of the 
suspension systems on an aircraft landing gear is the optimization of 
the energy- absorb i ng capabilities of the elements of the gear. Such 
elements generally including one or more tyres and a spring/damper unit 
which acts in series with the motion of the tyre. Other considerations 
generally play a secondary role in the definition of system 
characteristics, the majority of which evolve from a need to provide a 
stable platform for ground handling operations. These primary and 
secondary design objectives are often in conflict, however, and as a 
result the design process involves a compromise to ensure that the 
primary objective is met and that a satisfactory overall design is 
achieved. However, each landing gear system is designed to precisely 
meet the particular requirements of an individual aircraft and the 
design process must include the consideration of features such as 
weight, volume, complexity and reliability. 
Before any detailed definition can be given satisfying the primary 
objective of the suspension system elements two important parameters 
must be defined: - 1) the total energy to be absorbed by the system and 
2) the maximum allowable gear reaction developed in the process, which 
is normally expressed as a non-dimensional figure known as the 
landing 
gear reaction factor. 
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The total design energy to be absorbed by the gear is usually taken to 
be the vertical component of the kinetic energy of the aircraft existing 
at impact, E TD (on the assumption that the aircraft is fully airborne at 
that time) . This energy is determined by the specified vertical 
velocity %for descent velocity, W TD ) at touchdown, and also by the 
specified design maximum mass, M TD, allowed at touchdown. This is shown 
by equation 2.1. 
EKW2 TD TD TD - 2.1 
W TD will vary according to the operational requirements of the aircraft. 
For example, the sink speed of large transport aircraft is generally 
specified 10 feet/second (3. Q metres/second), whereas, for high speed 
military aircraft,, W TD falls into the region of 12 feet/second (3.67 
metres/second). These values will be defined in each case to meet the 
requirements of the various national airworthiness certification 
authorities. In most cases the specified sink speed is a function of 
the aircraft's maximum glide slope angle and ground speed at touchdown, 
assuming no flare out is allowed. 
The reaction factor, RF, is a convenient non-dimensional figure which is 
obtained by dividing the maximum allowable gear reaction, RM, by the 
static gear load arising from the design landing weight. 
A suitable value for the reaction factor is largely dependent upon the 
role of aircraft for which the gear is being designed and its selection 
is normally the responsibility of the airframe designer. The reaction 
factor selected for fighter aircraft typically is in the range of 2.5 to 
5.0, whereas for larger transport aircraft a much lower value in the 
range of 1.0 to 1.5 is generally defined. This wide variation in 
reaction factor reflects the general level of aerodynamic flight loads 
experienced by the various aircraft. These flight loads determine the 
strength of the major airframe components and thereby, an upper limit 
for the allowable gear reaction, as it is not usually weight efficient 
for major components to be designed by the loads developed during 
landing rather than aerodynamic or flight loads. 
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The selection of reaction factor is obviously very significant to the 
design of the whole airframe. It is worth noting that where high 
reaction factors can be defined, an overall weight saving may be 
realised due to the weight saving possible in the landing gear. 
Once the energy to be absorbed and the reaction factor have been 
specified,, the process of defining the characteristics of the shock 
absorbing system can be started. This would normally begin with 
selecting the size and number of tyres required, and progresses by 
establishing both the stroke of the shock absorber and the shape of its 
spring curve, and concludes with the optimization of the compression and 
recoil damping coefficients. An assessment of the energy-absorbing 
capacity of these elements is made during each stage to ensure that the 
required energy capability is met. Figure 2.1 illustrates the idealised 
dynamic behaviour of a typical landing gear during the absorption and 
dissipation of the aircraft's vertical energy following touchdown. This 
diagram also shows the 'static' balance condition of the gear 
appropriate to the ground manoeuvring of the aircraft. 
There are a number of factors affecting the size and number of tyres 
required: - 
the specified minimum flotation and/or the maximum allowable ground 
contact bearing pressure required by the operational role of the 
aircraft, 
2) the established reaction factor, 
3) the allowable storage space within the airframe, 
4) the need to minimise weight. 
The energy absorbed by the tyres during the landing phase, ET is the 
stored energy at the time when the vertical kinetic energy of the 
aircraft has dropped to zero (reference Fig. 2.1). This may be 
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calculated by first assuming that the peak tyre deflection (and 
therefore the maximum landing load) occurs at the end of the energy 
absorbing stroke; this has to be the case if the maximum possible 
efficiency of the spring/damper is to be achieved, and then by 
integrating, between zero and the peak deflection, the load-stroke 
diagram for the chosen tyre type,, reference Figure 2.1. 
If however, the full tyre curve is not available the stored energy may 
still be estimated by assuming a nominal efficiency of 47% for the tyres 
(Curry 19821), and by calculating a mean value for the tyre stiffness, 
KT from the manufacturers nominal load-deflection figures. Thereby, 
ET may be found from the expression; 
ET0.47 * 
RM 
2 
KT 
The energy absorbed by the tyres is typically between 10% and 20% of the 
total energy, leaving the remainder to be absorbed and dissipated within 
the spring/damper unit. 
The spring/damper unit (or shock absorber) is therefore the principal 
element in the energy absorbing system. Generally such shock absorber 
units in landing gears are of the oleo-pneumatic type (a non-linear gas 
compression spring and a hydraulic damper acting in parallel). Such 
arrangements usually offer the highest levels of energy absorbing 
efficiency together with the lowest overall weight. 
Calculating the stroke of the shock 
definition of its characteristics. 
efficiency (; Sk) must be made since 
the remaining landing energy, the 
assumed efficiency, according to the 
2.2. 
s SA E TD ET 
ýSA M 
absorber is the first step in the 
Some initial estimate of the overall 
the stroke (S SA ) is a function of 
maximum gear reaction, and this 
relationship described by equation 
- 2.2 
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An efficiency of 80% is usually assumed for oleo-pneumatic units (Curry 
1982) although higher efficiencies may be achieved in practice 
depending upon the damping control mechanism selected. A figure of 80%, 
is however generally considered adequate at this stage of the 
classification process. 
The next step is to devise a suitable shape for the shock absorber 
spring function or spring curve which is dependent upon the selection of 
:-1) the break out or f ul ly extend I oad, and 2) the overal I compressi on 
ratio. 
The following points are taken into consideration in the process of 
establishing the shape of the spring curve. 
First, all static ground load variations which result from the specified 
range of aircraft weights and locations of its centre of gravity must 
lie within the static spring envelope. Furthermore, the dynamic ground 
reactions generated on the main gear by ground manoeuvres such as the 
turning of the aircraft and also those reactions generated on the nose 
gear when the aircraft is braking must also be contained within the 
working range of the spring. 
Next, the effective spring rate at the nominal static load of the main 
gear should be high enough to give adequate roll stability and to ensure 
that a high rollover angle is maintained. Also, it may be important in 
the case of some large transport aircraft to limit the variation of 
floor height of the loading bay with static load changes, owing to the 
cargo handli ng requirements. 
Third, the spring pre-load, or break-out, which is determined by the gas 
inflation pressure should be kept to a minimum so that hard landing is 
not experienced at normal sink speeds. 
Finally, the maximum allowable gear reaction should not exceed the 
dynamic spring load at full closure when a polytropic gas index is 
applied throughout compression. Thi si ndex is taken ei ther as 1. I or 
1.4 according to the detailed design of the unit. The higher figure is 
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achieved by designs where a separating piston is used to eliminate the 
oil/gas contact area. 
These conditions may typically be satisfied by a single-stage gas spring 
with a compression ratio as low as 6: 1 on some main gears to as high as 
15: 1 on nose gears. The compression ratio of an oleo-pneumatic shock 
absorber is found by dividing the static gas pressure at full closure by 
the inflation pressure. This differentiation generally results from the 
demands of the dynamic braking condition which imposes high loads on the 
nose gear at relatively low stroking rates and thereby demands a higher 
load capacity beyond the maximum static load than is normally required 
in the case of a main gear. 
A pair of typical single stage spring curves are shown in Figure 2.2 on 
which an appropriate range of static load balance points have been 
added. 
The optimization of the compression and recoil damping coefficients of 
the shock absorber concludes the characteri sati on of the energy 
absorbing elements. This optimization is principally concentrated upon 
selection of the compression damping arrangement which is aimed at 
maximising the energy absorbing efficiency of the unit in the simplest 
possible manner during the landing phase at the design descent velocity. 
Simple hydraulic orifice damping arrangements that exhibit a square law 
characteristic will usually achieve efficiencies between 80% and 85%. 
The variations in the closing velocity of the shock absorber that occur 
during the landing stroke must be compensated for in the design of the 
damping arrangement if higher efficiencies are required. This has led 
to the employment of stroke-dependent damping control arrangements such 
as metering pins and 'piccolo' tubes which depend upon increased damping 
coefficients in the latter portion of the energy absorbing stroke where 
lower stroking velocities are experienced. (Reference Figure 2.1). 
These devices can increase the efficiency of shock absorber to around 
90%. if however, high efficiencies are not required the added weight 
and complexity of damping control is generally avoided and a simple, 
single-level,, plain orifice is chosen. 
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An additional consideration which affects nose gear units and influences 
the selection of its hydraulic damping arrangement, is the need to 
control the pitch motion of the aircraft induced by braking, to limit 
the load developed by the nose gear. This requirement is in conflict 
with the damping requirement for landing optimization as, during 
braking, the nose gear will typically experience a peak closing velocity 
of only one-tenth that developed in the design landing case and will 
require typically a factor of four times to be applied to the 
compression damping coefficient. Therefore, a device sensitive to the 
compression stroking rate of the shock absorber may be utilised to 
switch between a higher damping value for low flow rates and the lower 
landing-optimized damping value for higher flows. The use of such a 
device will enable an effective damping force to be generated to react 
the pitch motion induced in dynamic braking cases. One such device is 
called a bi-stable or taxi valve and it is generally a simple two level 
spring controlled shuttle valve. Figure 2.3 illustrates the functioning 
of such a valve and its nominal flow control behaviour. 
The selection of the recoil damping coefficient is dominated by the need 
to control the release of energy stored by the gear during landing (ie. 
that energy not dissipated during the compression stroke). If the 
release of this energy is not adequately controlled, the aircraft will 
rebound excessively and possibly leave the ground after impact. In 
practice it has been established that a suitable value of recoil damping 
lies in the range of 4 to 10 times the value of the mid-stroke 
compressing damping. 
There are several other factors in addition to this basic requirement 
which relate to free extension or sudden recoil of the gear and which 
require consideration before a final selection is made. One of these 
factors is the limitation of the velocity with which the unsprung 
components of the gear impact the outstop in a free extension condition. 
An outstop impact velocity of up to 6 inches/second is normally regarded 
as acceptable. A second factor is that the peak pressure developed in 
the recoil chamber during sudden recoil from high closures, should not 
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exceed the maximum design pressure for the shock absorber. A final 
factor is the need to prevent the occurrence of cavitation within the 
compression damping chamber during sudden recoil from high closures. - 
Some general observations may now be made about the acceptability of the 
suspension system characteristics, which are typically derived from the 
above procedures, to the specific needs of ground ride performance. 
The most significant aspect of considering ground ride performance is in 
the choice of the spring characteristics of the shock absorber. 
This choice is particularly significant in the case of main gear units 
because the static position is often on a section of the spring curve 
where the effective spring stiffness is high and is increasing rapidly 
with additional closure. Also, there is typically only a limited amount 
of reserve travel remaining beyond the static position to cope with 
traversing a bump. These problems are not as great for nose gear units, 
as the need to accommodate the dynamic braking cases leads to the 
specification of greater reserve travel and to higher load capacity 
margins, viz. it is commonly found that a higher load bearing capability 
above the static load level within the stroke of the shock absorber is 
specified in the case of a nose landing gear. 
In addition to the adversely high effective stiffness of the shock 
absorber springs generally devised, the damping levels chosen tend to be 
too low in the compression stroke and too high in the recoil direction 
to provide effective control of the rigid body motions of the aircraft 
during taxi operations. However, the inclusion of a bi-stable damping 
valve for the nose gear to control the pitch motion induced by dynamic 
braking is of potential benefit. The improvement, however, may be 
limited to only a small range of taxi conditions. The additional 
control will be lost as soon as the valve 'cracks' and will not return 
until the driving function attenuates significantly. 
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In conclusion, it is commonly found that aircraft landing gear systems 
exhibit poor suspension characteristics typical of underdamped and stiff 
systems with a limited working stroke. The recent recognition of these 
shortcomings, and their effects upon the operational capabilities and 
life span of aircraft, have led to changes in both the design criteria 
specified for certain aircraft and to the resultant detailed design of 
their landing gear. These changes, and their implications, are 
discussed in the following chapter. 
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Chapter 3 
An Outline Discussion of the Continuing Evolution of Landing Gear 
Design Criteria with Emphasis upon Suspension Characteristics 
The requirements for improved ground ride or taxi performance of 
aircraft are becoming more stringent. These requirements reflect the 
changes in both the design of the aircraft as a whole, and the 
T environment in which they must operate. Ln response to these changes 
much research and development has been, and will continue to be, carried 
out. This work is aimed at both improving the understanding of the 
nature of the problems faced by designers and the development of 
innovations to cope with those difficulties. New and improved design 
criteria are being established by the aviation authorities in 
collaboration with manufacturers as a result of the progress of this 
work. These criteria in turn, have resulted in innovations in the 
design of landing gear and more attention being paid to the suspension 
characteristics of the gear in the design phase. 
Modern aircraft are required to be fuel efficient and/or highly 
manoeuvrable if they are military combat types, which implies that the 
airframe structure must be as light as possible. The structural 
techniques and materials that are now commonly employed to achieve this 
have resulted in modern airframes being significantly more flexible than 
their predecessors. This increase in flexibility results in the 
aircraft becoming more sensitive to ground induced loads and vibrations. 
The performance of the landing gear as a suspension system has 
therefore become more significant as a consequence of the progression in 
design of aircraft driven by these primary functional requirements. For 
example, this increased sensitivity has been recognised to be critical 
to the operational capabilities of military transport aircraft which are 
often required to operate from hastily prepared runways which are 
typically very rough. Furthermore, this sensitivity now seriously 
affects the fatigue life of all types of aircraft and particularly of 
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the large civil transport types even when exclusively operating from 
paved runways. This is demonstrated by the fact that up to fifty 
percent of the fatigue life of modern civil transport aircraft is 
consumed by ground manoeuvres. 
A rather different requirement has recently been placed upon the 
suspension system designers of modern tactical aircraft which has 
resulted from changes in the environment in which these aircraft have to 
operate, rather than changes in just the aircraft themselves. This 
class of aircraft and in particular the military combat types are at 
present designed to operate exclusively from rigid paved runways that 
have low roughness levels. This situation has been significantly 
affected by the development, in recent years, of weapon systems that are 
designed to put whole airfields 'out of action' by producing a large 
number of small craters dispersed over a significant portion of the 
surface of both runways and taxiways. The effectiveness of these new 
weapons may be judged by the length of time required to repair the 
damage caused to the runway and to re-establish the operational status 
of the aircraft caught on the ground after an attack. The ability of 
the aircraft's suspension system to cope with this particular type of 
runway roughness is therefore critical to reducing the effect of a 
successful attack. The combat aircraft in service today have been shown 
to have only a limited capability in this respect ie. the standard of 
repair required in order that operations may recommence is high, which 
indicates that the 'out of action' time would be correspondingly high. 
This situation has caused considerable concern among the armed forces of 
the world and in particular those of Western Europe whose airfields are 
at most risk. in response to this specific problem and to the more 
general difficulty of increasing airframe sensitivity, a considerable 
amount of research and development work has been conducted. Before this 
and some of the ongoing efforts are discussed, some design features of 
landing gear systems that have been shown to enhance the ground ride 
capabilities of aircraft should be introduced to illustrate the present 
understanding of the problem. The common link between these features is 
their intention to reduce the transmission of energy to, and the maximum 
force applied toý) the airframe via the landing gear when runway 
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roughness is encountered. This is primarily achieved by limiting the 
rigid body motions of the aircraft when its natural frequencies in pitch 
and heave are excited. This may not however simply be achieved at the 
expense of increasing the forces which are developed when the 
disturbance occurs at higher frequencies. 
One design feature is to keep the combined stiffness of both the shock 
absorber and the tyre of the landing gear as low as possible at the 
nominal operating point. A redul-tion in the effective suspension 
stiffness ensures that, for a given amplitude of roughness, the force 
generated by the corresponding spring closure is also reduced. Also, an 
adequate reserve beyond the normal static closure should exist in both 
the shock absorber and the tyre. If these reserve travels are not 
adequate, it is then possible for either element to 'bottom' ie. the 
available spring travel is exceeded and an extremely high stiffness is 
encountered. 
In which state, the absorption of only a relatively small amount of 
additional energy will generate large increases in the suspension force 
which could result in structural damage to the landing gear and/or 
airframe. The use of a two-stage gas spring to replace the conventional 
single stage arrangement can provide both a significant reduction in the 
effective stiffness of the shock absorber spring and a large increase in 
reserve travel. Such a modification may often be accommodated without a 
significant change to the enclosed volume of the shock absorber and will 
not incur large weight or cost penalties, therefore. 
A second design consideration is to ensure that friction forces within 
the shock absorber are minimised as these forces act to oppose its 
motion and therefore transmit energy to the airframe when the shock 
absorber is closing. In addition to having a detrimental effect on the 
energy transmitted to the airframe, the presence of friction forces will 
tend to slow the extension of the shock absorber and thereby limit the 
ability of the tyre to successfully follow the ground profile. The 
effects of friction forces are present in both telescopic cantilevered 
and trailing link levered landing gear configurations; however, their 
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magnitude can be significantly increased in the presence of gear forces 
normal to the shock absorber axis in telescopic arrangement. These 
normal loads can result from: - 1) the horizontal ground loads which are 
dependent upon the geometry of the gear, ie. its rake and/or splay angle 
and its effective trail arm, 2) the application of wheel brakes (where 
fitted), and 3) the nature of the ground surface in contact with the 
tyre. In contrast the geometry of a levered gear means that the drag 
component of the horizontal ground loads tends to assist the closure 
rather than resisting closure which occurs with telescopic arrangements. 
Consequently, levered gear arrangements may offer superior capacity to 
cope with ground roughness because they eliminate the problem of 
horizontal ground loads increasing the friction loads developed within 
the shock absorbers. However, levered gear arrangements are in general 
heavier, more complex and more costly than an equivalent telescopic 
alternative. For these reasons aircraft landing gear are most commonly 
of the telescopic type. 
A final design feature is the selection of the shock absorber damping to 
give improved control in the rigid body motions of the airframe. As 
previously discussed the damping arrangement devised to meet the landing 
function will normally be too low to adequately control the motion of 
the aircraft on the ground. This is primarily due to the wide 
differences in stroking velocity experienced by the shock absorber in 
the two cases, in the design landing case the stroking velocity 
developed is a function of the design descent velocity, normally 10 
feet/second, whereas in the ground ride cases this velocity may be 
typically a factor of ten lower. Damping devices are therefore required 
that can provide some increase in damping when stroking velocities are 
low but do not compromise the performance of the system during the 
landing phase. 
Consideration of the above mentioned features will, in most cases, 
result in the addition of weight and/or complexity to a landing gear 
which has been designed solely to meet its primary performance 
requirements. Well defined design criteria to cover ground manoeuvring 
cases is therefore needed so that a realistic cost /performance benefit 
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analysis may be carried out to achieve the most effective design for the 
gear. To date, a variety of ground roughness definitions have been 
included in the design requirements of the airworthiness authorities 
around the world, of which MIL-A-8862 (United States) and AIR 2004E 
(France) illustrate the wide differences that exist. MIL-A-8862A 
incorporates a complex Power Spectral Density (PSD) representation of 
the runway whereas AIR 2004E defines only a single runway obstacle. In 
addition to these, other means of evaluating ground ride performance 
such as; discrete 1-cosine shaped bumps, discrete runway profiles and 
idealised repair mat profiles or obstacles have also been specified. 
Each of these approaChes to the definition of runway roughness has its 
own merits and shortcomings. 
It is important-, therefore, that the design criteria are selected With 
care so that they adequately reflect the operational environment of the 
particular aircraft type to which it is applied. The difficulty of this 
problem has long been recognised and is partly responsible for the wide 
range of criteria specified. 
Of the various methods for defining roughness the PSD representation is 
based upon the use of a statistical representation of the roughness of a 
runway as the driving function in the frequency domain applied to a 
linear model of the aircraft and landing gear system which will normally 
include airframe flexibility to obtain a measure of the loads and 
accelerations generated within the airframe. Figure 3.1 has been taken 
from MIL-A-8862A and shows the PSD data which was derived from a 
selection of measured runway profiles chosen to cover a full range of 
airfield types. This method is limited in its use as a suspension 
system design aid because, being an averaging technique, it fails to 
distinguish between roughness due to a few high amplitude bumps and that 
due to many low amplitude bumps of the same wavelength. This may not be 
of great significance for linear systems but it is very significant for 
landing gear systems which are highly non-linear and display responses 
which are amplitude dependent. The PSD method is therefore not capable 
of predicting conditions where the strength and thereby the operational 
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limits of the airframe is of interest, as these will very much depend 
upon the non-linear elements within the suspension system. 
Such limitation does not occur if continuous 1-cosine bumps of constant 
amplitude and frequency are used to ensure that the primary rigid body 
modes of vibration will be excited and that the forces experienced by 
the airframe will be maximised. 
The range of amplitudes and frequencies over which the behaviour of the 
aircraft is examined can be devi sed to ref 1 ect its operational 
environment. This approach is used in MIL-A-8863A (United States Navy), 
Figure 3.2 shows a summary of the range of roughness to be used as 
defined by airfield types. The discrete nature of the 1-cosine 
representation means that, unlike the PSD method, the analysis of the 
suspension performance must be conducted in the time domain. To cover 
f6e spectrum of amplitude and frequencies specified would be time-consuming; 
however, there will probably be only a limited number of frequencies 
that are critical to the aircraft. In which case, this representation 
would be suitable for inclusion in the suspension design process, as the 
relative performance of a range of designs could be readily assessed in 
a straightforward manner. In this respect simplicity is the significant 
advantage associated with this type of roughness representation. 
However, not being representative of the fundamentally random nature of 
runway roughness is a shortcoming of the 1-cosine bump criterion. 
A third method of defining runway roughness which uses a discrete set of 
elevation measurements from a chosen runway to which height 
amplification factors are then applied to cover a range of airfield 
types is included in Def. Stan. 00970 (United Kingdom) reference Figure 
3.3. The roughness present in the actual runway is positively weighted 
for wavelengths between 20 and 40 metres. This is to ensure that the 
typical natural frequencies of rigid body motions of the aircraft would 
occur within the envelope of taxi speeds. This method is useful because 
it recognises the need to account for the non-linearities present in 
landing gear dynamics. It is, however, limited as an aid to the design 
of a suspension system because of its complexity. The use of an 
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amplitude multiplication factor that takes no account of the wavelength 
of that roughness may limit the representative nature of this criterion. 
As with the PSD method this criterion may be better suited to the 
prediction of airframe fatigue life than it is to use as a landing gear 
design tool. 
The limitations discussed for these three criteria indicate that it is 
unlikely that any single runway roughness definition can be devised that 
is truly representative of the complete range of runway surfaces. In 
which case s ome combination of suitably tailored roughness 
representations will be required to specific operational environment for 
each class of aircraft. 
Further the roughness definitions outlined above are intended to be 
representative of a range of airfields from a hard paved type to an 
unprepared surface, but none would be suitable to fully cover the case 
of a hard paved runway which has been repaired after suffering some 
degree of damage inflicted by an aggressor. 
Thi s si tuati on is parti al ly covered in Def - Stan. 00970 whi ch i ncl udes a 
roughness representation which relates to this repaired runway situation 
(see Figure 3.4). This representation is limited since only a single 
profile representation of a particular damage repair is considered which 
is unlikely to adequately excite the rigid body motions of the aircraft 
as the repair is traversed. It is thought likely that multiple repairs 
will have to be reckoned with by aircraft in the future because many 
weapons systems have now been devised expressly to attack airfields and 
produce a large number of small craters over a significant area of the 
paved surface. 
This short review of the various design criteria has shown that the 
emphasis to date has been placed upon defining representative roughness 
according to airfield type. The case of an airfield being damaged and 
thereby degraded, has not been catered for fully. Much work is being 
carried out to rectify this situation with the aim of devising a 
suitably simple, but representative definition of a repaired runway for 
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use in landing gear design. For example, such efforts have produced a 
proposed design speffication for future military aircraft as shown in 
Figure 3.5. This approach only considers operation from paved runways 
upon which a range of idealised repair profiles are located. Each of 
these profiles is made up of two repairs thus allowing possible spacing 
and length combinations to cover the most pessimistic conditions whilst 
keeping the realistic nature of the criterion. By defining a simple 
representation of the expected roughness it can be more readily 
incorporated into the design optimIzation process. Although simple, the 
use of repair profiles in pairs ensures that the rigid body motions of 
the airframe are adequately excited. Also, the choice of the gradient 
- the edge of the repair profile adds a of the ramp that appears al, 
-h element into the dynamics of the profile as relatively short waveleng4L. 
a driving function. In this way the effects of both short and long 
wavelength disturbances are included in a straightforward and realistic 
manner. 
Some of the general design characteristics that experience has shown to 
be of benefit to the performance of a landing gear suspension system 
have already been discussed. There are however, some additional design 
innovations which have been devised to cater for the often conflicting 
requirements arising from landing gear energy absorption and taxiing on 
the ground. Some of these such as two-stage springs, bi-stable damping 
valves, a peak-dampi ng pressure regulating valve and an 
acceleration-sensitive damping valve are already in service. Of those 
that are at the development stage there are two groups, 'passive' and 
'active' suspensions. An 'active' system is defined as one in which 
power external to the suspension is introduced to achieve a 
degree of 
control of its dynamic characteristics. The development of a particular 
example of an active system is the main subject of this work and 
is 
discussed in the following chapters. 
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Chapter 4 
The Application of Active Control Technology to Aircraft Suspension 
Systems and the Theoretical Analysis of a Semi-Active Option 
At present modern aircraft use 'passive' landing gears. Experience has 
shown, however, that- for this type of gear the ground ride performance can 
be optimized for only very limited sets of conditions. When other runway 
operating conditions are me-I the performance of the gear may be impaired. 
This situation was discusse. in Chapter 3 where recent changes to 
operational conditi-IMS for ta, -----ical aircraft were outlined. A similar 
loss of performance has beer, otserved in passive suspension systems used 
on other types of vehicles such as cars, tanks,, trains, as well as in 
other shock and vibration isolation mechanisms. 
This discussion will now continue with reference to active suspension 
systems for vehicles in general before the principles of semi-active 
control theory are introduced and its suitability for application to 
landing gear discussed. 
The limited performance capabilities of passive suspension systems and the 
need to meet more stringent performance requirements has led to the 
consideration of employing 'active' suspension systems which can be 
regarded as servo-mechanisms offering superior dynamic performance. The 
implementation of such systems has only become practicable with the 
availability of high performance servo-mechanisms such as 
There has been a wide variety of designs electro-hydraulic servo valves. I 
suggested for such act4, ve suspension systems. The complexity and 
capabilities of these prop%; sed solutions depend upon the needs of each 
particular application. In broad terms these active elements 
may be classified as either force generators or force controllers and may 
be used either alone or in combination with other passive elements. 
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A common feature of all such 'active' systems is that some power must be 
supplied from a source other than the motion of the vehicle or the 
immediate environment. This external power is transformed by the active 
element into a force (or a momentum) which is then used to counter the 
unwanted motion of the vehicle. The dynamic behaviour of the suspension 
and that of the vehicle can then be controlled by means of external 
feedback control. This feedback control will use physical variables of 
the vehicle which are not usually available in passive systems. Any 
effective feedback terms inherent in conventional passive arrangements are 
limited by the physical loc;. 1c , 4-4- of the suspension system. 
The elimination of su& ar iimitation enables active suspension 
systems to offer improvemenis -ý, n dynam-: (c performance over passive systems. 
To take advantage of this po-t-entiall for improvement many different active 
control schemes have bee- -roý7. ^se- 'or a wide range of suspension ? I, -- ý_; I 
applications, including most powered transport systems from railway 
carriages to motorcycles. 
There are two main categories of active suspension: first, that category 
in which the active element behaves as a force generator, that is, the 
control power into the system is used to generate the required optimum 
suspension force directly on to the sprung mass. Development of such an 
optimum force will, in general, require the expenditure of high levels of 
control power since the sprung mass requires continuous support while the 
relative motion between the masses of the system is accommodated, thus 
placing high flows and large pressure gradients upon the servo-mechanisms. 
It is the high power requirements of such active systems that sets them 
apart from those of the other category, consequently they will be referred 
to here as fully active. Although this category of suspension system can 
offer superior perform-ance, the cost in added system complexity means that 
their commercial use has been very limited, although there has been very 
considerable research and development work. Two reviews by Hedrick and 
Wormley (1975),, and Goodall and Kortum (1983) give a broad account of the 
extent of work relating to active vehicle suspension systems. 
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Further to these general reviews, an early analysis of the design of fully 
active suspension systems for cars was discussed by Thompson (1970) in 
which he introduced a design procedure using pole-zero placement methods 
to synthesize the necessary compensation networks. Considerable 
performance improvements in terms of 'ride comfort' were shown to be 
achievable by such methods although no practical implementation was 
discussed. Esmailzadeh (1979) studied in a piecewise fashion a range of 
possible feedback options and supported his analysis of a controlled 
pneumatic suspension system with an experimental investigation. Sutton 
(1979) proposed a hydraulic---Ily actuated suspension where modal design 
techniques were used to establish a feedback control law. The use of such 
methods appear to be ef -F eý ý_ --ive, although certain non-linear 
characteristics of the active elements were shown by experiment to be 
dominant during transient resn_-_, sres. Gurtur and Sankar (1983) considered 
the desirability of incluOin-- z)-assive elements in parallel with an active 
element to ensure that a fail-safe condition can be readily achieved. The 
use of active pneumatic actuators to control the lateral motions of 
railway carriages is discussed by Cho and Hedrick (1984) who also included 
in the reference the results of an investigation into the practical 
implications of such a design and an assessment of the power requirement. 
1he subject of a NASA funded research programme known as the 'Series T 
Active Landing Gear Concept' is the same as this research in so much as 
both studied the application of an active control technology to the 
suspension system of aircraft. (Note: the papers and the reports that 
relate to this work are listed under the above name in the list of 
references. ) In this American study the active control applied was of the 
fully active category; viz, an active force generator placed in series 
with an aircraft's own original pas-sive shock absorber elements. In this 
way the active element is required to do work continuously to provide the 
required suspension force. The suspension control law adopted in this 
-2 to control the sprung mass suspension force -0 'concept' was designed t 
within a tight dead-band about nominal 'static' force. In this way the 
airframe is effectively isolated from any ground induced vibrations. 
However, in addition to regulating the force transmitted by the suspension 
it is also necessary to maintain the nominal ride height of the aircraft 
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so that the shock absorber does not bottom. The force generator in this 
arrangement must, therefore, be fully active and support the sprung mass 
while accommodating stroking of the shock absorber induced by the ground 
disturbances. 
This NASA work highlighted the high level of control power demanded by 
fully active suspension systems. An estimate of the level of this 
requirement was made from the lfigures for volume flow of control fluid 
that were predicted for the a-ir-ra't operating from a repaired runway. 
I These figures gave a mean suD: )ly of hydraulic fluid at 3000 psi of 
S3 This implies the need for a sustainable approximately 450 inche /secon-.. ý 
power input to the suspensic- the region of 205 hp for just one main 
landing gear. In add-'I-ui--,! 7 t. -- ! --, -, r-. irLjo-us demand there is also a need 
to meet peaks in the hydraulic fli--ýw into the system of up to 
3 
1900 inche s /second. 
Ihe magnitude of the hydraulic supply and flow control equipment required T 
to meet the volume flow demanded would be very substantial and result in 
very large additional penalties in both weight and volume being placed on 
the landing gear system. 
Although significant reductions were claimed in the predicted forces 
experienced by the airframe, the large hydraulic effort required indicates 
that these improvements carry considerable overheads. It should also be 
noted that the conventional passive suspension of the McDonnell Douglas 
F-4 aircraft used as the subject of the series active concept does not 
have characteristics optimized to handle ground roughness. It is in fact 
rather a poor example of a conventional aircraft suspension system in this 
respect and may benefit from a re-design exercise being conducted that 
-L is considered therefore that the addressed ground roughness criter-! --. 
7'- 
performance improvements predicted' in this study over-state the relative 
improvements offered by this category of active suspension. Also, it is 
considered important that when assessing the performance benefits of an 
active suspension comparison should be made to an optimized passive 
system. 
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The conclusions that can be drawn from the published literature is that 
the fully active suspension system may offer optimum performance but the 
high 1 evel of control power required to realise such systems is a 
considerable disadvantage. The major consequence of supplying high power 
is the resulting weight of the equipment required to generate and direct 
it. This is particularly significant for aircraft where the suspension is 
essentially parasitic to its prime purpose; to fly. The mass of the 
airframe is a critical feature in its performance for that purpose. 
The other class of active susDersion system is the force controller type. 
I classification is significant chiefly because the cont 'The -rol power 
requirements of this type are very much lower than that typically demanded 
by the fully active or force type. 
The lower input power required by force controller type is achieved 
principally by limiting the scope of the active control applied to the 
suspension force. This limitation can be equated to the modulation of 
either the spring force or the damping force components suspension system, 
rather than to controlling the total suspension force as the fully active 
system attempts to do. 
Any reduction in the scope of an active controller will generally place a 
limitation on the theoretical performance that can be achieved. The 
consequences of this lowering of performance has to be judged in light of 
the potential savings in cost and weight that can be realised when the 
control power requirements are reduced. The balance of this judgement 
favours the selection of a ',, ower cost system when considering the 
application of active control technology to vehicle suspension systems. 
In chronological order, the first examples of active suspension systems to 
be put into practice were of the active spring force control type. In 
1956 the Packard Company produced a torsion bar suspension with an 
electric motor levelling system. Other simi 1 ar examples based on 
pneumatic suspensions exist from the same period Cavanaugh 
(1961). These 
systems are early examples of the 'load 
leveller' type of active system. 
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In this type of system, a slow response active element is placed in series 
with a conventional spring-damper combination. The active element in this 
case responds to eliminate long term (that is relative to the normally 
expected range of excitation frequencies) changes in the body to axle 
displacement ie. a low bandwidth control is used to maintain a constant 
shock absorber closure. By this means, a relatively low stiffness passive 
spring element can be selected which would exhibit unacceptable large 
deflections in response to changes in the vehicles sprung weight or to the 
presence of horizontal control forces without the active compensation. By 
restricting the active controller to a slow response the control power 
requirements of the system is significantly reduced. A good description 
of the applicatJol, c-ý a load, 'levelling suspension to an automobile is 
given by Packer (1978). who refers to the system as an 'Active Ride 
Controller'. This sy-stem uses a hydro-mechanical apparatus which is tuned 
e-ý: to match the susý) dynamics to feedback and to filter the shock 
absorber deflections, see Figure 4.1. Maclaurin (1983) describes a 
similar active system developed for a tracked vehicle and identifies a 
limitation of this type of arrangement in not being able to match the 
different resonant frequencies , in pitch and 
heave. 
A further example of the force controller type of active suspension is the 
semi-active suspension system, in which the damping force is actively 
controlled. This system offers a further reduction in power requirements 
beyond that of the active load leveller variety as it can be purely an 
energy dissipator ie. none of the control power acts directly as a 
component of the suspension force. It is principally the low power 
consumption exhibited by the semi-active suspension system which makes it 
particularly attractive for use in the landing gear of aircraft. Other 
additional advantages are the integration of a fail-safe mechanism and the 
possibility Of devising a landing phase damping control system without any 
extra hardware. In add-ition to the power requirements of the semi-active 
system being very ", ow it does offer considerable performance advantages 
over conventional passive suspensions. 
The active control of the damping force component of an 
idealised 
suspension system was discussed by Crosby and Karnopp 
(1973). This work 
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was the basis for the more useful semi-active damper (Karnopp, Crosby and 
Harwood (1974)) which offered savings in practical terms with little loss 
in performance compared with the optimum suspension originally discussed. 
A discussion of the inherent limitations of passive damping is useful as 
an introduction to the principles of operation of the semi-active 
suspension. 
The transfer function for a conventional suspension that uses linear 
passive elements, see Figure 4.2, can be written as below: - 
x 
i(s) 
x2 (S) [s 
wn] 
m m 
Where wn=Fk is the natural frequency of the system in heave, 
k is the linear spring stiffness, 
M is the sprung mass, 
B is the linear velocity damping coefficient 
1 13 and 47- .M .M 
is the linear damping ratio. 
-4: 1 
The frequency response function of equation 4.1 has been plotted for 
several values of damping ratio in Figure 4.2 for non-dimensional 
frequency w/w n7 
At excitation frequencies up to, and around, w/w n=1, an 
increase in the damping ratio causes a reduction in the response of the 
sprung mass, viz. X-1 /X2 decreases; at frequencies where W/W n> 
increased damping no longer benefits the isolation of the sprung mass 
because I xi /X21 al so increases. Thi s relationship means that any 
-ion at or near resonance will result in a loss of improvement in isolat 
system performance at frequencies greater than w n' 
This dilemma is 
unavoidable with the conventionally positioned damper as the force it 
ý) and thereby develops is a function of the differential velocity (x -2 
results in the dynamic stiffening of the suspension at frequencies above n 
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In conventional suspension systems a compromise is normally made between 
the control of peak resonance and the quality of the high frequency 
isolation with damping ratios typically chosen in a range from 0.1 to 0.5 
for vehicle primary suspensions. A value of 0.25 has been used when 
comparisons are made between passive and active suspension systems. 
The need to make such a compromise may, however, be avoided by utilising 
the damper which generates a damping force (F d that opposes the motion 
of the sprung mass at all times, ie. Fd is in proportion to X1 rather than 
to (ý -ý). This may be ac; hlieveý- with passive elements by relocating 12 
the damper as in Figure 4.3 \a), 4, e. Ithe damper is positioned between the 
sprung mass (m) ant, an i-, ert, al reference or ground. The equation of 
motion of this so calle,, -. ', 'skyhook' damping system may be written as; 
I kneglecting the weight and any body disturbance forces). 
m7 +B *x -- k(x-x)= 111 - 4.2 
The displacement transfer function derived from equation 4.2 above is: 
1-4.3 
x 2(s) 
2+2S+1 
n] 
1W 
n] 
A comparison of the frequency response plots for the equations 4.1 and 4.3 
see Figure 4.4, illustrates the considerable performance advantages of the 
Iskyhook' damping arrangement. That is increasing the damping ratio 
reduces the response of the sprung mass at all frequencies so that good 
control is achieved around resonance as well as effective isolation being 
'n theory such a 'skyhook' suspension can provide provided when w1w n>1. 
A 
optimum vibration isolat-: -_n.. but in the case of vehicle suspension systems 
it is unattai nabl e since provIlding physical inertial reference is 
impossible. What is possible, however, is to return the 'spring-damper, 
to its traditional location and use the principles of active control to 
modulate the force across it. This new arrangement is shown in 
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Figure 4.3 (b) . To reproduce the ideal skyhook damper the total 
suspension force, FT is found from equation 4.2 as: - 
FT= Bx I+ k(x 1x 2) -4.4 
A passive spring element can be used to realise the second term, k(x 1-x 2) 
and the force corresponding to first term (Bý may be provided by an 
actively controlled element. 
Such an arrangement does not,, however, fully satisfy the desire to 
minimise the input of control power, even though the weight of the sprung 
mass is supported by the passive spring. There will be phases in the 
motion of the system where control power must be supplied to the active 
element to generate the reqjred ideal damping force. In these phases the 
active nature of this force controller is compensating for the fact that 
the conventional damper acts to oppose the relative velocity of the mass 
and the ground rather than the sprung mass's absolute velocity, that is 
the conventional damping arrangement transmits energy to the sprung mass 
rather than dissipating it. This 'out of phase' effect, in the case of 
the conventional damper, results in the detrimental effect that increased 
damping has on vibration isolation at frequencies above the system's 
natural frequency. (This effect was highlighted earlier in relation to 
Figure 4.2). 
The conventional damper is however capable of developing a force whose 
sense matches that of the optimum damping force for a significant portion 
of the motion at, or around, the system's natural frequency. This 
observation has led to the idea of semi-active damping control which 
- '- s allows the beneficial effect of conventional damping to be exploited 
around resonance and avoids the unwanted dynamic stiffening effect at 
higher frequencies. Figure 4.3 (c) illustrates the basic functioning of 
the semi-active damper. The 'ideal' damping force (Bx I) is generated by a 
conventionally located 'damper' which is fitted with a controllable device 
able to account for the variations in the sense and magnitude of the shock 
absorber's stroking velocity (ý 12 When the sign of (x 1x2 is 
opposite to that of the required ideal damping force, ie. that phase in 
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which control power would be required to achieve the optimum force, an 
alternative semi-active strategy must be adopted. The only reasonable 
strategy is to provide no damping force at all; in this way no energy can 
be transmitted to the sprung mass via the semi-active damper. 
By this means, in theory, the semi-active damper can duplicate the 
performance of the skyhook damper, at least over a portion of the damping 
cycle. It will be shown that even though the optimum skyhook damping 
force is not followed at all times by the semi-active damper it still 
offers near-optimum performance, which is a considerable improvement over 
that of a conventional sys: terr. 
Before assessing the perfc., -mance capabilities of the semi-active damper 
its feedback control mijs-_ 1, -0U `rs- te defined. The semi-active control law 
must endeavour to match the optimum damping force (Bý when the damper is 
able to develop a force to oppose the motion of the sprung mass. This 
condition may only be satisfied when the sense of the states x1 and 
(X 1-x2) are the same. The semi-active strategy also dictates that when 
these state terms have opposite sense the damping force should be set to 
zero. 
The semi-active control law may, therefore, be expressed as: - 
F, )>0 d ':::: Bx,, when I(X I-x2 
else -4.5 
Fd -': 0, when xI (x I-x2) <0 
) 
Additionally, there are two special cases that may also occur when the 
The first occurs when expression x2) becomes equal to zero. 
x 0, see equation (4.5). Alternatively, the case where 
(x Ix20 
may also occur when ý, 0 0; the desired force in this case Fd= BX 11 When 
this latter case occurs it is theoretically possible for the damping force 
to cause the suspension to 'lock-up' ie. to become instantaneously rigid. 
For lock-up' to occur, (x I-x2) 
has to be zero and the required damping 
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force, F d' must be in excess of the 'lock-up' force, FP of: - 
-Mxl - k(x I-x 2) -4.6 
However, when (ý 1- 2) = 0. no damping force can be developed, therefore 
a move away from this state is required to develop sufficient force to 
satisfy equation 4.6. With this kind of behaviour a limit cycle is 
possible in which the generation of the lock-up force causes the 
differential velocity to fall to zero together with the damping force. In 
practice, this condition is unlikely to occur as a damper with a large 
damping coefficient is neeced to develop the lock-up force whenever the 
differential velocity is near zero. Additionally any compliance in the 
damper such as oi I compressibility is also likely to prevent there 
occurring in any practical sy-s'-em such as a limit cycle. 
By virtue of its inherent switching function a semi-active damping device 
is a strongly non-linear element and demands the use of numerical methods 
to predict the behaviour of even the simplified suspension arrangement 
discussed thus far. To assess the effectiveness of such a system the 
semi-active control function was modelled and simulated digitally. The 
first step of this process was to compare the 'ideal' semi-active 
suspension (as in Figure 4.3 (c)) with the performance of the 'optimum' 
skyhook system which it is intended to emulate. 
This ideal arrangement makes no attempt to account for the behaviour of 
any of the physical components required for the practical realisation of 
either suspension system. Figure 4.4 shows the results of this comparison 
and (for reference) it also includes the response of the conventional 
suspension. 
From Figure 4.4 the performanCe of' the semi-active system can be seen to 
be inferior to that o-f thE skyhook system, but superior to any 
conventional arrangement. Considering that the power requirements of a 
semi-active suspension systerr may be very small, the performance of the 
semi-active damper in this simple arrangement is very good. 
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The next step in the assessment of a semi-active suspension system was to 
extend the mathematical model to include a second degree-of -freedom. Thi s 
step is necessary as vehicle suspensions generally have a second 
spring-mass-damper element in the form of a wheel and tyre assembly. 
Figure 4.5 shows the two degrees-of-freedom equivalents of the suspensions 
discussed earlier. 
The equations of perturbed motion, characteristic of the three suspension 
arrangements shown in Figure 4.5, are given as follows: - 
k, -4.7 11 
m2*; 2+B2 (X2 -x3)+k2 (x 2-x3)+m1x1:, - 0 -4.8 
It is only the damping force term (F d) in equation 4.7 that differentiates 
any one arrangement from the others, viz: - for the suspension system 
arrangement shown in Figure 4.5 (a); Fd": B 1(X 1-x 2) 
(b) FB (X d11 (shown as F 
when x1 (x I-x2 )> 0 
Fd : '- B1 (ý 1) 
else (shown as F SA) 
Fd=0 
A series of digital simulations based upon equations 4.7 and 4.8 was 
conducted to provide a comparison of the performance of the three 
suspensions. The results from these simulations are presented in Figures 
4.6 to 4.8 in the form of freque-)cy response plots. The relative masses, 
spring stiffnesses and the passive damping coefficients used in these two 
degrees-of-freedom models corresponded approximately to those representing 
the two-thirds scale 'model' main landing gear of the Jaguar aircraft 
which is the subject of this research. These comparisons confirm the 
conclusion drawn from the study involving the single degree-of -freedom 
modelling, viz. the performance of both the active and the semi-active 
arrangements in isolating the motion of the sprung mass, 
is significantly 
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better than that of the passive system. This improvement, however, is not 
uniform over the frequency range for the semi-active system; near 
resonance the semi-active system is unable to continuously provide the 
optimum damping force as the shock absorber motion becomes increasingly 
'out of phase' with the motion of the sprung mass. Typically at w=wn 
no damping force is generated for approximately 20% of each cycle. It is 
however, this very same effect ie. the net zero damping force for a 
fraction of a cycle, which produces the semi-active system's improvement 
over the passive type. :n -1. -he passive arrangement, during this 
out-of-phase period, the damping force being generated adds energy to the 
sprung mass, whereas the sw-, -_c-,, ng function of the semi-active system does 
not allow this detrimental c-orld-ition to occur. 
In addition to consider7nc -`7r-_--_uency response of the principal sprung 
mass, the dynamic response of the unsprung mass ie. of the wheel assembly 
was also studied. The results of this study are presented in Figures 4.9 
to 4.11 . In this case both the active and the semi-active systems 
demonstrate their lack of control over the resonance of the unsprung mass 
which occurs here at around 25 Hz. This is to be expected as the control 
law applied in both systems is devised solely to control the motion of the 
sprung mass. Also, the characteristics of pneumatic tyres used on 
aircraft typically exhibit low damping. (Note: - in the experimental work 
detailed in Chapter 7, a limited assessment of the tyre damping factor was 
conducted; from this work a value greater than that used in this analysis 
was determined). 
If the motion of the unsprung mass, in an aircraft suspension system is not 
well controlled it can lead to ý)roblems in a number of areas which result 
from the variation in t1he normal ground/tyre contact force that is 
associated with the motlon. . 0ne important consideration 
is the potential 
loss of braking efficiency --jecause the ground contact 
force varies 
rapidly. This loss may be compounded by the possibility of dynamic 
coupling occurring between the oscillations in the contact force and the 
action of anti-lock braking devices that are fitted to most modern 
aircraft. Such coupling would even further 
degrade the braking 
performance of the aircraft, as well as 
having the potential to damage the 
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anti-lock braking system. In conventional aircraft only the wheels of the 
main landing gear are fitted with brakes. Another potential problem is 
the reduction in the directional stability of landing gear that can occur 
when the tyre contact force varies cyclically. This phenomenon is known 
as shimmy and is normally associated with steerable nose wheels but may 
also occur in the main landing gear. It is obvious that the design of any 
suspension has to take account of the need to control the resonance of all 
of its associated masses. 
The unsprung mass o-IF an aircraft suspension system is typically very much 
lower than the sprung marss associated with each gear, a ratio of 
approximately 66 to '! 'is found in the case of the Jaguar main gear studied 
,;; -Z= se: _ here. This results I 7rati-r between the resonance frequency 
found for each mass anr the resonance of unsprung mass to be 
considered in isolation from the sprung mass. The insert in Figure 4.12 
shows a schematic illustration of this situation where the sprung mass is 
regarded as stationary and the smaller unsprung mass is suspended between 
it and the ground. 
From the theory of simple harmonic motion the following expression may be 
derived for the spri ng-mass -damper system shown in Figure 4.12: - 
B1+B2 
2-F( k1+k2 )m 2 
To achieve a reasonable contro": over the resonant motion of M2 then the 
damping ratio (Cý should be ir the region of C2= 0.5. The linear damping 
coef fi ci ent, B, , woul d theref ore need 
to be: - B, = r(k, -+k2 ) m2 -B2' In 
the case of the suspension lu, sec ir this research, this value is very low 
when compared to that which would be required to control the main mass. 
This implies that adequate control would be gained over the unsprung mass 
by the presence of only a very small conventional ly-generated 
damping 
force in the shock absorber element. The presence of any residual damping 
-in sprung mass, but this is not will degrade the isolatior the ma 
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considered to be significant since the residual damping required is 
relatively small. From Figure 4.12 the improvement possible in the 
control of the unsprung mass resonance can be seen. This improvement has 
been gained at little cost to the quality of the isolation of the main 
sprung mass. This method of controlling unsprung mass motion is 
successful in this case chiefly because the ratio of the system masses is 
large which results in the residual damping being acceptably low. It is 
thought unlikely that any pra: +, _4, c; 
I 'I -implementation of semi-active cont rol 
could completely eliminate a`.!, resiudua", passive damping, because in any 
hydrau'; ic damping mechan-: sT-,. Corlý-rol device used will have a li mit 
on its maximum flow area. 
S M4 eýIa -active suspensic. r arz-- r-O-Sý. 0ered to be effective systems for 
use in aircraft landirg gear ýpaarticularly when residual damping effects 
are included in the dynamics. ;o confirm this conclusion, that has been 
based on analytical considerlations, this research work was carried further 
by building and testing an experimental semi-active suspension system and 
by developing a corresponding mathematical model which was verified and 
validated against experimental recordings of dynamic behaviour. These 
the experimental arrangements are presented results and a description of t 
in subsequent chapters. 
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Chapter 5 
Design of an Experimental Semi-active Landing Gear 
A physical rig was designed, built and tested to demonstrate in a 
practical way whether the performance benefits of the semi-active 
suspensions predicted from theory could be achieved. The particular 
design requirements of this physical model and how the design was 
achieved for the required conf'Iguration are now discussed. As this 
experimental system was interice: 4, ". c be for development purposes only, 
the principal considerations --I' weight, volume and reliability that 
would normally be face-, ' ir, la-: -rS gear design did not require to be 
fully addressed. 
As a result of work or, r-e-velopment programmes undertaken at 
Dowty Rotol on suspension systems, a3 scale model of a main landing 
gear for a Jaguar SEPECAT aircraft was available for adaption to include 
a semi-active damping control system. The selection of the landing gear 
from this aircraft as the base-line standard for suspension development 
programmes is based upon several factors. These factors principally 
Ft having originally been designed to have evolve from the Jaguar aircraT, 
some 'off-runway' capability, even if somewhat limited. This design 
requirement resulted in the landing gears being of the trailing link 
levered geometry type and being fitted with deep section tyres of 
relatively low pressure to accommodate operations from soft ground, ie. 
grass runways. Both these features are generally considered 
advantageous for handling ground roughness, as discussed in Chapter 3. 
This meant that the choice of any additional elements added to improve 
-; ,-y upon this basic capabi 1iw, ,": not be unnecessarily 
limited b the 
original equipment. Also since the Jaguar gear is regarded as a 
comparatively good example ff mo, -_ýenrn equipment any improvement gained 
must be considered as worthwh'! Ie. 
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The design of a semi-active landing gear requires the consideration of 
the following principal elements of hardware: - 
1) a controller to implement the semi-active control law, 
2) a valve to respond to the controller at a satisfactory rate, 
3) a shock absorber to accommodate the control valve and generate the 
required damping force when possible and to transmit that force to 
the sprung mass, this shock absorDer must also accommodate a 
two-stage pneumatic spring that is representative of the original 
equipment, 
4) a set c-F transducers to prov-:. -=- lth, j-ý with the required 
feedback signals. 
The main design principle applied to the selection and the detail design 
of these main elements was to keep the configuration of each component 
as flexible as possible, that is, being primarily a development tool 
there ought to be as much variability as is practically possible built 
into every element. 
A laboratory micro computer (a DEC MINC micro) was chosen for use as the 
controller for the experimental system. The MINC was chosen because it 
offered important advantages for this kind of experimental work: 
it has tailor-made, analogue-to-digital (A/D) and 
digital -to-analogue (D/A) converters that could be directly addre5sed 
from the control program, 
2) the control program could be writter. in standard Fortan and then 
compi 1 ed with the 'macro' data corT-. -. jni cati on routines, which 
achieved ready access to the control program's parameters and 
minimised its execution time, 
it uses 16 bit arithmetic and has good converter resolution 
(12 bit 
A/D and D/A converters accurate to one part in 4095), 
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it has a high basic CPU execution rate. 
The architecture of the MINC enables peripheral hardware, such as the 
A/D and D/A converters, to be directly addressed by the central 
processor via the systems' UNIBUS. This direct access feature allows 
the user to write software in the processor's 'macro' language which can 
give a simple and rapid interface of instructions and data between the 
processor and the converters. DEC supply a library of programs which 
can be used to drive and handle data exchances with the numerous 
converter/communication peripherals which can be attached to the MINC. 
These ready-made routines are combined by the us--- t--I suit týe needs of 
each particular laboratory set-up. 
This procedure was followed and the resu7lirC. was assessed by 
measuring the conversion rate for one channel of A/--. A rate of just 
I kHz was achieved. This rate was not regarded as high enough, it was 
thought that the DEC routines were carrying a considerable overhead 
because of their essentially general nature. To avoid this shortcoming 
more explicit macro routines were written to take advantage of the 
fore-mentioned MINC architecture. Using such macro routines compiled 
with a 'calling' Fortran program achieved conversion rates of 
approximately 5.0 kHz for two channels of A/D and 12 kHz for a single 
channel of D/A. These rates were regarded as acceptable. 
The main routines of the control program were written using Fortran so 
that they could be easily modified and the arithmetic tasks (such as 
scaling of the transducer signals) were also simpe to code. There is 
generally an inverse relationship between the execution time of a 
digital controller and the ease with which co---r. -,! alg, -rithms can be 
initially coded and subsequently modified. The experimental semi-active 
system was intended as a development tool, as s. J-_-h, the selection of 
Fortran for the main control routines was felt tO De justified. 
- 'he controller set-up To add greater flexibility to the operatior 0L- 
additional routines were written which enabled the values of selected 
control parameters or coefficients to 
be adjusted without editing the 
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control program or halting its execution. These values were 
continuously displayed on the MINC's video monitor when the control 
program was running. 
The second element required to implement semi-active control of a 
suspension is a mechanism able to generate the demanded damping force. 
The existing shock absorber is of the conventional oleo-pneumatic type, 
combining both gas spring and hydraulic damping mechanisms in a single 
unit. It is obviously desirable to maintain this basic arrangement, 
which means that the semi-active damping force will be generated by 
controlling the flow of hydraulic fluid between chambers within the 
shock absorber. 
Figure 5.1 shows the shock a, _-sorber element of the 's-tardard' Lj 'aguar 
main gear in a diagramatic form. To install a device within this unit 
to modulate the damping forces developed within it was not practical, so 
a specially designed replacement was used. 
The first step in the design process was either to devise or select a 
suitable hydraulic flow control valve. It was felt impractical within 
the scope of this work to devise, design and then manufacture a special 
valve, so a proprietary source was investigated and from this 
investigation it was decided that a three stage, electro-hydraulic 
servo-valve was the best choice and would be suitable for the 
experimental system. This type of flow control valve offered both high 
fluid flow rates and good frequency response characteristics. 
Additionally, a very useful feature of this type of three-stage valve is 
the linear variable differential transformer (LVDT) which gives a rapid 
and continuous measurement of its position with high accuracy. 
Knowledge of spool position and its relationship to the effective 
hydraulic flow area across the valve proved valuable in the test and 
development programme, as it allowed behaviour of the valve in 
operation, to be observed. 
It was intended to use the third stage spool and sleeve arrangement of 
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the val ve as a rapidly variable dampi ng orifice that is fully 
control 1 abl e. Figure 5.2 shows the valve arrangement as a part of a 
hydraulic damping circuit which, with an enclosed piston head to 
displace fluid when stroked, can generate a differential force to oppose 
the motion of the sprung mass as required by the controller. A stop was 
introduced into the standard valve to limit the travel of the spool to 
prevent the spool from completely covering the control land on the 
sleeve, in the event of a failure of the control system. This internal 
stop was manufactured and fitted by the suppliers of the valve, to give 
a minimum flow area of 0.001 in 2 which is equivalent to a nominal 
maximum damping coefficient of 5320 lbf/(in/sec )2 . Appendix A 
summarizes the definition and the calculation of this damping term. 
Figure 5.2 also shows the layout ol' the semi-active shock absorber, the 
principal difference between it and the conventional arrangement being 
that the damping circuit and the gas spring element are hydraulically 
separate; ie. the hydraulic fluid compressed to generate the damping 
force component does not, as in the case of a conventional unit, pass 
across the piston head to compress the trapped gas volume thereby to 
develop in the 'spring' force component. This separation is required 
because within the standard servo valve it is not possible to eliminate 
the internal leakage of its primary stage hydraulic power supply fluid 
into the damping circuit. If there was a hydraulic link into the spring 
element then any leakage flow would, however small, eventually raise the 
pressure of the spring chamber to that of the hydraulic power supply and 
this rise of pressure would destroy its proper functioning. 
Once having created the closed hydraulic damping circuit there was then 
a need to provide a quiescent pressure throughout its volume so when the 
unit is stroked rapidly, the damping chamber (which is expanding) 
does 
not suffer cavitation. So the internal leakage feature of 
the 
servo-valve used in the manner proposed, both creates a 
difficulty and 
enables it to be solved. 
It should be noted that the primary power supply pressure of 
the 
servo-valve has an effect upon 
its dynamic performance. Care must be 
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taken, therefore, to establish the correct level of quiescent pressure 
when setting up a system. 
In the detailed design of the semi-active shock absorber the diameter of 
the piston rod and hydraulic working area of the original unit were 
retained to reflect some of the real limitations that would be placed 
upon the design of a unit for aircraft use. Also the overall length of 
the unit was unchanged to ensure that the original geometry was 
reproduced as shown in Figure 5.3. 
The experimental rig being a levered gear arrangement permitted the 
inclusion of the extra chambers of the damping circuit which may n7ýt 
have been as readily achieved in the more common telescopic landing gear 
arrangement. One drawbaý* with sich a lever arrangement is tý--, t it wac-z 
not possible to simply mount the servo-valve directly onto the shoCk 
absorber which would minimise the working oil volume of the damping 
circuit. Consequently, to accommodate the relative motion that occurs 
between the shock absorber and the valve mounted on the structure of the 
sprung mass required the use of flexible hydraulic hoses. This use of 
hydraulic hoses reduced the effective bulk modulus of the fluid in the 
damping circuit. The magnitude of this reduction and its influence upon 
the performance of the suspension system are discussed in Chapters 7 and 
8. 
The design solution adopted for the shock absorber is not thought to be 
a practically feasible option for use on an aircraft. However, the 
inclusion of a controllable damping orifice into the design of a shock 
absorber, whether of lever or telescopic geometry, is considered 
practical. Although such a device must overcome the difficulty of 
isolating the means of applying the control power to the dev'Ice from the 
pressurized fluids of the passive spring component. Additionally, a 
means of providing a passive fail-safe condition must be achieved to 
cater for the failure of the damping control system. 
The final components required to complete the semi-active damping system 
are the transducers to provide the state feedback signals to the 
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controller. The feedback requires the continuous measurement of two 
state variables, the absolute velocity of the sprung mass and the 
stroking rate of the shock absorber (X 12 The measurement of 
(X 12) presents no diFficulty, as its motion is constrained axially 
and attaching a LVT (linear velocity transducer) in parallel with the 
shock absorber is readily done. The same is true of the measurement of 
xl, in the case of the laboratory trials set-up where an inertial 
reference was available in the form of the static structure of the test 
rig within which the suspension was to be tested. When considering the 
measurement of these feedback states on an aircraft, however, 
establishing (x I-X2 can be achieved in a manner similar to the test 
set-up but deriving x is not so e-asily achieved. 
A brief discussion of some of th-_= methods for use or, aircret 
is outlined in Appendix B. 7r is emphasised, once more,, that the 
measurement of X is important to the potential success of any 
semi-active system. 
The complete experimental semi-active landing gear is illustrated in 
Figure 5.4, This arrangement was the basis of the detailed mathematical 
model, which extends the initial simple analysis of a semi-active 
suspension to include those significant additional linear and non-linear 
features which could affect the behaviour of the system as a whole. The 
aim of this additional effort was to establish a proven representative 
model of the semi-active system which could be validated against the 
trials findings. Once validated such a model can then be used in the 
design and development of a flight-worthy semi-active landing gear. 
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Chapter 6 
Elements of the Mathematical Modelling of the 
Experimental Semi-Active Suspension 
The mathematical representation of the semi-active suspension system 
discussed in Chapter 4 is obviously not an adequate representation of 
the physical mechanism designed as a test rig for a landing gear with 
active damping control. To extend this basic mathematical model the 
following linear and non-linear characteristics of this mechanism were 
included. 
The linear elements are: - 
the variable nature of the mechanism due to the geometry of lever 
arrangement, 
2) the compressible nature of the flow within the hydraulic damping 
circuit, 
3) the dynamics of the servo valve controlling the damping orifice. 
The non-linear elements are: - 
1) the dual stages of the spring function of the shock absorber, 
2) the friction forces in the shock absorber, 
the semi-active control law. 
The geometry of the lever suspension defines the relationships 
between 
the motions and forces on the lumped masses, m, and m2 and 
those of the 
shock absorber which acts between them. 
Figure 6.1 shows these 
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relationships graphically for the geometry defined in Figure 5.3. 
The mechanical advantage function is the ratio between the shock 
absorber axial force and the vertical ground force at the axle. This 
function also relates the relative vertical velocity of the lumped 
masses to the shock absorber's stroking velocity. The motions and the 
forces developed within the shock absorber can be related to those of 
the lumped mass system originally established using these relationships. 
The next additional linear element involves the calculation of the 
forces developed in the hydraulic damping circuit. The development of 
damping force within the shock absorber is a critical feature in 
operation of the semi-active suspension. The compressibility of the 
hydraulic fluid is included to provide a full representation of the 
damping circuit. 
Fluid compressibility in the damping circuit will tend to delay the 
development of pressure differentials across the piston. This delay 
means that achieving the desired damping force for a given shock 
absorber velocity is dependent upon the rate at which the pressure is 
developed in response to changes in the control orifice area. 
The term compressibility flow is used to define the apparent flow of 
fluid into or out of a control volume when a change of pressure occurs 
within that volume. That is: - 
v-6.1 Qc 
-p t3 
where Qc is the compressibility flow, in 3 /sec, 
is the rate of change of fluid pressure, viz: dp , psi/sec, 
dt 
V is the volume of the fluid in the control volume, in', 
Is is the bulk modulus of elasticity of the fluid, psi. 
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Equations of mass continuity may be written using Figure 5.2 for the 
control volumes I and 2. 
- QV +Qp-Q 
cl 
= - 6.2 
Vp c2 6.3 
In which QV = Cd*aOA2( Pl-P2)/P is the volume flow rate through 
the valve, 
QpA. S is the rate of change of volume 
caused by motion of the shock 
absorber, 
Pli 
and V A. 
C2 -P2 are the compressibility flow rates 
associated with volumes 1 and 2 
respectively. 
Equations 6.2 & 6.3 may be rewritten to provide two simultaneous 
differential equations 6.4 & 6.55 
[V 6.4 p, A. S - Cd* ao 4-2(Pl-P2)/p ] 
a 4-2 (p, 10 P2 = (-A. S + Cd* 0 -P2)"'P 
[V 
+ A. S] - 6.5 
Equations 6.4 and 6.5 can be substituted into the following 
expressions: - 
t 
P1 = 
fo 
p, -dt 
t 
and (Pl-P2) = 
fO (Pl-P2) dt 
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which when solved yields, p, and P2' substitution of which into equation 
6.6 below gives the damping force developed by the shock absorber. 
SA A (p, - P2) - 6.6 
The final additional linear element models the actuation of the damping 
control orifice by means of a hydraulic servo valve. The dynamics of 
that valve are therefore included in the model. The performance data 
published by the manufacturer of the selected servo valve is shown in 
Figure 6.2. The representation of these characteristics concentrated 
upon the step response behaviour of the valve. This was done because 
the semi-active control principle is based upon the rapid switching 
between high and low levels of damping. 
To adequately match this step response performance a third order 
transfer equation was required. This transfer function is of the form: - 
x 
V(S) 
kv 
V(S) 
2+2ýv [%v] + I][ lkv ]+6.7 1[ 
w nv] ww 
Figure 6.2 shows both frequency response and step response 
characteristics that were derived using the linear differential equation 
below that was derived from equation 6.7. 
S.. 2 
x (k A -x )(w cký 
00 )-x (w + 
2 2ý (w + 2ý ww 4) )-x Vvvv hv v v cv v nv v nv v nv cv 
is Where: x the servo valve spool position, in v 
is the servo valve spool velocity, in/sec v 
is x the servo valve spool acceleration, in/sec' v 
It% 
xv is the servo valve spool rate of change of acceleration, 
3 
in/se c 
-49- 
wnv is the natural frequency of the second order term, sec 
Cv is the damping coefficient of the second order term, 
wCv is the corner frequency of the first order term, seC- 
iv is the input signal to the valve, A 
kv is the position gain of the valve, in/A. 
The spring force against closure function of the shock absorber is 
non-linear. Its effective spring rate varies continuously with closure. 
Figure 6.3 is a graphical representation of thi s function which 
illustrates this variation and its dual stage nature. The prediction of 
this function utilised a computer program developed at DowtY Rotol and 
includes: proper consideration of the behaviour of the nitrogen as a 
real gas, the compressibility of the hydraulic fluid within the spring 
chamber, the compliance of both the walls of the cylinder of the shock 
absorber and the material of the hydraulic seals. 
Figure 6.3 shows the isothermal or static spring curve- and a polyotropic 
or 'dynamic' curve which is an expansion about the static balance or 
operating point on the isothermal curve. The operating point is the 
position on the isothermal spring curve about which the suspension will 
oscillate in response to input disturbances. The polytropic curve is 
used to represent the behaviour of the gas spring subject to rapid rates 
of change of volume. 
A dynamic compression index of n=1.3 was selected because the shock 
absorber is fitted with sliding pistons that separate the nitrogen from 
the oil. (This figure has been established by experience at Dowty 
Rotol). This use of a single polytropic curve is a simplification of the 
true behaviour of a gas spring operating in a suspension system. This 
behaviour is complicated by the wide range of stroking rates that the 
shock absorber may experience when the aircraft is taxiing and as a 
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consequence, the compression of the gas may not be strictly isothermal 
or adiabatic. The simplification assumed in this modelling is 
considered reasonable however, and test experience at Dowty Rotol has 
shown this to be an adequate representation. 
A second non-linear feature of the behaviour of the shock absorber is 
the presence of friction forces that oppose its motion. The 
experimental set-up was a levered geometry in which the shock absorber 
unit is attached by pin joints and will, thereby, only experience axial 
loads. A consequence of this arrangement is that,, the principal cause 
of friction forces is the action of the 'dynamic' elastomeric seals 
which are under pressure within the shock absorber. Dynamic seals seal 
between components where differential linear motion occurs as the shock 
absorber is stroked. When motion is present, the magnitude of the 
friction force exhibited by this type of seal is proportional to the 
normal contact force exerted by the seal and is taken to remain constant 
as the speed of the motion increases (Nau 1981). This contact force is 
a function of the deformation a seal undergoes when installed and the 
magnitude of the pressure forces acting upon it; the latter of these 
will generally outweigh the former. For this work it is assumed 
therefore, that the friction forces within the shock absorber are 
proportional to its internal spring force, (Fs). This approximation 
only holds true when the shock absorber is said to be in motion. When 
the unit is at rest or its direction of motion is changing, a different 
friction behaviour is observed. This behaviour is generally referred to 
as Istiction, and is shown in region (1) of Figure 6.4 which illustrates 
the relationship between the friction force coefficient and shock 
absorber velocity used in this work. Within the Istiction' region the 
shock absorber is stationary and any force imbalance across the unit is 
reacted by friction thus preventing motion from being established. 
For motion to occur the peak stiction force or break-out force must 
be 
overcome. Because this peak force is higher than the sliding 
friction 
force there will be a transmission phase between the two levels. The 
precise nature of this behaviour is not understood. 
It has been 
modelled however, as shown in Region 
(2) of Figure 6.4 to be a straight 
line decay over a small velocity range. The arrow heads placed on 
the 
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figure indicate that Region (2) is only traversed when the stroking 
velocity is increasing in magnitude. When this velocity is falling 
however, the level of friction does not raise as the stationary/stiction 
region is approached and Region (4) being crossed to re-enter Region 
(1). Nau(1971) illustrates a similar behaviour with experimental data 
presented in time histories of the friction forces developed in an 
elastomerically sealed hydraulic actuator. 
Values for the coefficients CS and Cb were taken to be 0.045 and 0.10 
respectively for this simulation work. These values were based upon 
test experience gained at Dowty Rotol, on the assumption that the shock 
absorber is functioning mainly in the second half of its stroking range 
when the initial squeeze on the seals will have little effect on the 
total friction. The value selected for s' T of 0.1 in/sec was not as well 
supported however, it was regarded as sufficiently small to be a 
reasonable assumption. (Note: Element tests were carried out on the 
experimental shock- absorber to assess the friction forces present in the 
test unit, ref. Chapter 7. ) 
The final element required to complete the semi-active gear modelling is 
the inclusion of the digital controller and transducer behaviour. The 
use of a digital computer to implement the control law results in a 
finite time delay or time-lag being introduced between the point in time 
when the transducer signals start to be captured and the time when the 
damping control signal is issued to the servo-valve. To model thi s 
behaviour the 'time event' facility of the SYSMOD simulation package was 
uti Ii sed. This allows continuous time-dependent variables to be used 
within a 'discrete' program area where they may be used to set the new 
value of a discrete variable. This operation or 'time event' is 
activated of pre-selected time intervals, thus mimicing the operation of 
the digital controller. This time-lag or the time taken for the MINC 
computer to complete the semi-active control function was measured at 
approximately 5 msec. 
This basic control law involved the capture and conversion of 
the two 
velocity signals via the anal ogue-to-digital 
(A/D) converters. These 
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converted signals are passed to the control law routine which implements 
the semi-active control algorithm, calculates the appropriate control 
orifice area and thereby the required servo valve drive signal. The 
digital -to-analogue (D/A) converter then outputs this signal to the 
closed loop servo-valve which in turn sets the required damping orifice 
area. The total time taken to complete the control loop was made up as 
follows: - 
capture and conversion of the analogue feedback signaIs 
approximately 2 msec, 
2) operation of the control and calculation routine approximately 
2 msec, 
3) operation of the D-A converter to establish the control si gnal 
output voltage approximately 1 msec. 
The assumptions and approximations made in the formulation of the 
mathematical model are discussed further in Chapters 7 and 8, in which 
the data recorded in the experimental work is analysed and used to 
assess the validity of these assumptions. 
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Chapter 7 
Test and Development of an 
Experimental Semi-active Landing Gear 
The development and testing of the experimental semi-active landing gear 
was conducted in two phases. The principal component parts of the 
system were tested separately in the first phase to establish their 
individual characteristics. These element tests were then followed in a 
second phase by the test and development of the suspension as a whole. 
The el ement tests i ncl uded; a stati c (i sothermal )I oad agai nst cl osure 
check on the shock absorber's spring, a test to examine the behaviour of 
the servo valve in response to varying input signals, and a flow test to 
establish the behaviour of the valve when functioning as a 
variable-damping orifice. 
When these tests were concluded, an assessment was made of how the 
measured characteristics would influence the operation Of the suspension 
system as a whole. The assembly of the experimental suspension system 
was then carried out and the complete system was subjected to a series 
of response tests to assess the performance and behaviour of a 
semi-active suspension. During these tests various control strategies 
were developed and compared. Also, for comparison, a wide range of 
passive damping, configurations were studied, taking advantage of the 
ability of the experimental system to behave as a conventionally damped 
passive, suspension. Changes to the mode of damping were affected by a 
simple change to the damping control subroutine used in the digital 
controller. 
The laboratory trials programme conducted on the experimental suspension 
system in its various arrang ements consisted of two major elements; a 
frequency response test and a static ground profile trial. A short 
static runway repair crossing trial concluded these laboratory tests. 
All of these trials were carried out with the experimental 
landing gear 
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installed in a guillotine type drop test rig. The gear was mounted on 
the falling carriage of the rig which is constrained to move in the 
vertical plane only and is therefore suitable to represent the sprung 
mass of the suspension system. This whole system was supported on top 
of the drive platten of an electro-hydraulic vibrator through which the 
selected displacement against time function was applied to the 
stationary wheel and tyre of the gear. 
In the case of the frequency response tests a sinusoidal input of 
constant amplitude and frequency was used to drive the vibrator. The 
object of these tests was to subject the suspension system to a spectrum 
of frequencies and a range of drive amplitudes. This spectrum included 
the natural frequency of the heave motion of the sprung mass element of 
the system whilst the input drive range covered amplitudes typically 
experienced by an aircraft when taxiing. The responses of the sprung 
mass to this excitation ptovided a measure of the ability of each 
suspension arrangement tested to control the motion of this mass and to 
provide isolation for the mass from the disturbance input by the 
vibrator. 
These frequency response tests are regarded as representative of the 
wide range of amplitude and frequency combinations that may be 
encountered by an aircraft. The continuous nature of the sinusoidal 
drive is, however, not totally realistic. The true nature of runway 
roughness may be more fully represented by a continuously varying 
combination of amplitudes and frequencies. To test the behaviour of the 
semi-active suspension more fully, the sinusoidal drive signal was 
replaced by one representative of a measured runway profile. Apart from. 
this change, the test rig set-up was the same as for the frequency 
response tests. The drive signal was computer generated and was fed to 
the vibrator as a function of time. An extensive range of aircraft 
operating conditions was covered, including a range of steady 
taxi 
speeds as well as acceleration and deceleration cases. 
In this way, the 
suspension system was subjected to a representative rough runway 
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profile, albeit without forward motion in the system, and is therefore 
said to be a 'static' taxiing trial. 
The runway profile chosen was that specified by the MoD (PE) to be 
appropriate to the AST 403 design studies and was representative of an 
unpaved strip which has only been partially graded. This profile is 
regarded as severe for high performance combat aircraft types, such as 
the Jaguar, on which the experimental gear was modelled. The amplitude 
of this profile was factored by 2/3 to allow for the reduced scale of 
the experimental gear. 
To conclude the test work on the experimental suspension a short trial 
was conducted in which the AST 403 profile was replaced by that of a 
single idealised runway repair. As before, a computer generated drive 
signal was fed to the vibrator to simulate a range of aircraft operation 
conditions. 
Before discussing the results of these trials and the developments which 
were introduced to the semi-active control algorithm during the trials 
programme, the findings of the preliminary element tests are now 
considered. 
7.1 Element Tests 
The first of these tests was a static or isothermal load against closure 
check on the shock absorber's spring. The semi-active shock absorber 
unit was placed in a calibrated hydraulic press with a displacement 
transducer suitably mounted to monitor the closure of the unit. The 
unit was then slowly but continuously stroked from full extension to 
full closure at which point the process was reversed, allowing the unit 
to extend equally as slowly. Load and deflection readings were noted at 
regular intervals throughout this process. Figure 
7.1 shows the results 
from this test. The required spring curve is also shown in Figure 7.1 
and serves to illustrate the hysteresis that results 
from friction 
forces in the shock abs-orber. Table 7.1 summarises the 
data shown in 
Figure 7.1 and details the analysis made of the relationship 
between the 
-56- 
sliding friction and the spring forces. This analysis gives support to 
the assumption made in the mathematical model of the shock absorber 
that, - the magnitude of sliding friction force may be taken as being 
proportional to spring force over the operating range of the suspension. 
Additionally, the value of the friction coefficient was initially 
assumed to be 0.05, is fractionally too high. A value of 0.045 was 
-found to be more accurate and the appropriate adjustment was made in the 
data used in the mathematical model. 
An attempt was made to assess the 'stiction' forces present in the shock 
absorber within its operating range by monitoring the variation in 'end 
load' which could be made without any discernible stroking movement 
being observed. This was neither a rigorous nor lengthy test however, 
analysis of the data shown in Table 7.2 indicates that the 'break-out' 
friction coefficient should be reduced from the 0.1 value originally 
assumed to 0.08. 
The test work on individual system elements continued with- a series of 
tests on the da mping circuit/servo valve combi-nation. 
The third stage spool and sleeve arrangement of the MOOG Model D079-121 
servo valve was to be used as the damping control orifice in the 
laboratory semi-active suspension. It was considered to be important 
that the orifice flow characteristics of this arrangement were 
established before the full system was built, since the operation of the 
valve was critical to the functioning of the suspension and the servo 
valve is not normally used in this way. 
Prior to assessing the flow characteristics of the servo valve, in its 
steady state, - its dynamic I performance was investigated, viz. 
the 
ability of the third stage spool to follow varying input signals. 
The 
movement of this spool was recorded as it responded 
to either the 
sinusoidal modulation of, or step changes in, the servo 
drive signal. 
The three stage servo valve used in this work allowed a 
limited degree 
of adjustment to be made to its dynamic response characteristics. 
Such 
0 
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adjustment was achieved by altering the gain of the spool position 
feedback loop, referred to as the inner loop gain of the valve. Figure 
7.2 shows the elements of this control loop in a schematic manner and as 
a block diagram. To determine the most suitable value for this loop 
gain and examine the response of the valve, a series of step response 
tests were conducted for a range of inner loop gain settings. The step 
response behaviour of the valve was important because the -semi-active 
control principle relies upon rapid switching between high and low 
levels of damping. Figure 7.3 details the results of these tests, from 
which a value of inner loop amplifier gain of 5.23 mA/v was selected. 
This value gave an inner loop gain of 550 s- 
1. Figure 7.3 also shows the 
best achievable step response performance taken from the manufacturer's 
published data for the valve. Although the performance of the valve on 
test did not match that given in the manufacturer's literature, it was 
still regarded as being adequate for the experimental semi-active 
suspension system. 
A series of flow tests was conducted with the servo valve mounted on 
its manifold block to which were attached the hy. draulic hoses and 
couplings that constituted the damping circuit across the shock absorber 
(see Figure 7.4). In this way, all of the flow restrictions present in 
the damping circuit were included in the flow test apparatus. Figure 
7.4 also details the hydraulic test rig equipment used in this work. A 
range of pressure drops and flow rates were chosen for those tests that 
would cover the expected operating conditions of the damping, circuit. 
The primary objectives of these tests were to establish the relationship 
between the input signal to the valve and its resulting effective flow 
area and to determine whether flow-induced axial forces were detrimental 
to the stability of the spool. Additionally, it was important to 
investigate whether the direction of flow across the valve influenced 
those relationships, as any asymmetry would have to be compensated for 
by the controller. 
The demodulator circuits in the servo amplifier and the oscillator that 
together drive and control the position of the spool were set up so that 
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an input signal of five volts to the servo amplifier gave a full scale 
deflection of the spool and a corresponding LVDT feedback signal of five 
volts. The zero adjustment feature in the LVDT feedback network was 
used to ensure that f or zero i nput si gnal , the spool was on i ts stop and 
the LVDT feedback signal was zeroed. The adjustment of the 'zero' 
position of the spool against its internal travel stop gave a reliable 
datum condition used to check and adjust if necessary the setting of the 
servo valve throughout the development work on the suspension system. A 
full-scale input signal of five volts was selected to utilise the full 
range of the MINC's digital to analogue converter and, thereby, minimise 
conversion errors. 
A summary of the effective valve flow area against input signal results 
are presented in graphical form in Figure 7.5 where data for both flow 
directions are shown. These tests were conducted with oil temperatures 
of between- 25 and 40 degrees centigrade and with a range of supply 
pressure to the pilot valve. These variations produced negligible 
changes in the measured flow characteristics'. The -most important 
conclusion that can be drawn from the results of the flow test is that 
the flow characteristics of the valve are, in general, insensitive to 
variations in either the pressure drop across it or the rate of flow of 
oil through it. However, such is not the case where a valve is 
operating at its smallest opening, ie. when the flow area of the valve 
is at its, minimum. The inconsistent behaviour of the valve in this 
region is highlighted when a comparison is made between the flow test 
data for the three valve input signals; 0.0,0.05, and 0.44 volts as 
presented in Table 7.3. In columns 3,7 and 11 of this table the 
apparent flow area (a 0) 
has been calculated from the measured flow rates 
and pressure drops across the valve, assuming frictionless flow and 
square-law damping. Only in the case of zero input voltage does the 
increasing flow of oil across the valve appear to significantly disturb 
the position of the spool. The displacement of the spool was 
found to 
be stable and repeatable, and dependent upon the 
flow rate across the 
valve; an increasing in flow tended to move 
the spool away from its 
initial position adjacent to the internal stop and thereby 
to increase 
the 'apparent flow area (ao) of the valve. At 
larger valve openings, 
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where the spool was positioned away from its stop, the position of the 
spool and thereby the flow characteristics of the valve were not 
significantly affected by the flow of oil across it. A further test was 
subsequently made to confirm the results obtained for the minimum valve 
area setting. For this test the polarity of the input signal to the 
servo-amplifier was reversed and a signal of 0.1 volts was applied to 
ensure that the spool was commanded to drive against its internal stop. 
The behaviour of the valve in this check was very similar to that 
observed in the original case of zero input volts. It was considered, 
therefore, that the movement of the spool (VO=0.002v to 0.026v, ref. 
Table 7.3) and the change in effective orifice area that resulted from 
this displacement is a feature of the valve's behaviour near its fully 
closed position and was not caused by the procedure used to set-up and 
control the valve. 
The causes of this undesired behaviour are not fully understood because 
the direction of the observed displacement of the spool is opposite to 
that expected when the presence of flow-dependent forces on the spool 
are considered. These forces will always act to close a valve of this 
type, regardless of the direction of flow through the valve, and are 
known to be the largest ste-ady-state axial forces normally present 
(Blackburn 1960). 
This feature of a valve's behaviour will have the effect of limiting the 
control of the position of the spool when the valve is in the region of 
its minimum opening. The effective orifice area of the valve will 
determine the 'square-law' damping coefficient of the shock absorber, 
ref. Appendix A. Thereby, the effective maximum damping coefficient 
that can be selected by the semi-active controller will be dependent 
upon the flow rate in the damping circuit and may be 
lower than had been 
designed_for. 
The maximum effective damping coefficient 
W which could be expected in 
the experimental shock absorber was shown 
to vary between 3700 
lbf/(in/s) 2 for a flowrate (qv) of 3.5 
in 3 /s and 923 lbf/(in/s )2 for 
qv= 14.9 
'in 3 /S. The average flow rates expected at resonance Jn the 
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experimental suspension for nominal excitation of +I in. are around 
12 
'4 
in 3/S. Such values result in an average limit damping coefficient 
(X) of 1500 lbf/(in/s )2 (reference table 7.3). It was thought that 
this limitation may have a significant effect on the performance that 
could be achieved by the experimental semi-active suspension. To 
establish the implications of this limiting, a short series of computer 
simulation runs was conducted using the mathematical model of the 
experimental suspension. The results of these simulations are presented 
in Figure 7.6 which serves to illustrate the effect of varying the 
minimum achievable orifice area (va 0) and 
therefore on the performance of 
experimental suspension. As may be expected, the ability of the 
suspension to control the motion of the sprung mass at resonance is A 
reduced as X is reduced. There is however, a limit to the benefit 
which can be gained by increasing X because as the damping is 
increased the motion of the sprung mass is attenuated and consequently 
the str. oking motion of the shock absorber is reduced. It would appear 
that a law of diminishing returns is in force in this relationship, as 
it is found that increasingly large changes in are required to 
achieve more limitedimprovements in p erformance, although the level of 
damping force demanded is also falling. This effect is shown in the 
very limited change in performance predicted for a change in from 
3500 to 5000 lbf/(in/sec )23 see Figure 7.6. 
This investigation has shown that the maximum damping available from the 
shock absorber/servo valve combination will limit the performance of the 
experimental suspension system. It was not possible to modify the 
hardware to eliminate this performance limitation from the experimental 
system. The following points of discussion however, were raised in 
looking for a solution and assessing the causes of this problem: - 
1) The desire to have a large orifice area in the damping 'Off I phase 
of the control function- led to the selection of a valve with a large 
spool diameter and high flow capacity. This resulted 
in the damping 
'On' phase of operation being restricted to the near-closed portion of 
the spool stroke, where its behaviour was not as 
desired. A valve with 
a lower flow capacity may not have suffered 
from the same problem by 
providing the desired minimum orifice area at 
higher valve openings. 
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2) The use of a lever geometry gear rather than the more common 
telescopic type has resulted in the minimum orifice areas required being 
very small and difficult to achieve. To achieve a comparable level of 
damping, a telescopic suspension arranged to be the equivalent of a 
levered unit would require a damping coefficient that is m. a-3 . times 
that of the levered arrangement, where m. a. is the mechanical advantage 
associated with the lever geometry. This ratio of damping coefficients 
is derived in the following manner; for a telescopic shock absorber 
stroked at a rate of st (in/sec), the axial damping force, Ft generated 
is given by the equation: - 
0 
to st 
Where: (x 
t) 
is the damping coefficient of the telescopic shock absorber. 
If this unit is now replaced by one with a lever geometry and the same 
motion applied to this lever system, then for the shock absorber in_ the 
lever arrangement to exert a similar damping force to resist the motion 
then: 
m. a. *F tmx 111 
;12mM. 
a-. (X t'; t2)-7.1 
Where; F is the damping force of the shock absorber in the lever 
arrangement, (lbf). 
m. a. is the mechanical advantage of the lever arrangement. 
t is the damping coefficient of 
the lever shock absorber, 
lbf/(in/sec)'. 
6 
s1 is the stroking rate of the lever shock absorber 
(in/sec). 
The mechanical advantage may also be taken as 
the ratio of the stroking 
velocities of the two arrangements. 
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Thus: 1-7.2 
m. a. 
St 
By substituting 7.2 into 7.1 and rearranging, the ratio of damping 
coefficients is given by: - 
Xt 
=1 
xi m. a. 
By assuming that the hydraulic working area (A) is the same for both 
shock absorbers then from the defining equation: X=A3 /k 2a2 (see 
Appendix A), then the ratio of orifice areas can be expressed as: - 
a 
-"41. at m. a. 
Now, for a typical lever geometry the mechanical advantage at its 
operating point may be approximately 2, thereby giving a ratio of 
equivalent damping orifice areas of; 
at 
3) The difficulty of achieving the required minimum orifice area could 
be eased by increasing the hydraulic working area (A) of the shock 
absorber. To allow the servo valve to operate away from its minimum 
opening, a damping coefficient of 3500 lbf/(in/s )2 has to be achieved 
with an orifice area of 0.0035 in 2 This would require an increase in 
area A approximately double the present value of 3.85 in 
2 To achieve 
this change, the internal diameter of the outer cylinder (ref. Figure 
5.2) would have to be increased from 3.25 in. to 3.94 in. This 
alteration may have been feasible within the space envelope available 
for the shock absorber, but it was not practical to remanufacture the 
shock absorber at this stage of the project. 
Additionally, it was 
considered correct to have limited the magnitude of 
the hydraulic 
working area, A, to that of the original 
Jaguar equipment. 
These conclusions all highlight the 
difficulties faced in providing the 
very large variations in damping coefficient 
needed to exploit the full 
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potential of the semi-active control principle. The experimental 
semi-activ-e suspension as built, was not able to achieve this ideal. 
However, the objectives of this study were not significantly limited for 
reasons given earlier. 
This test concluded the study of the individual system elements. These 
were then brought together to complete the assembly of the experimental 
semi-active suspension. The whole fitted onto the falling carriage of 
the guillotine drop test rig as shown in the photograph of Figure 7.7. 
The discussion which follows details the laboratory trials carried out 
to assess the performance of the experimental suspension and it 
introduces the enhancements which were made to the implementation of the 
semi-active control law in the course of those trials. 
7.2 Experimental Semi-Active Suspension Trials 
7.2.1 Frequency Response Trials 
The laboratory trials programme commenced with a series of frequency 
response tests in Aich the damping control functions implemented by the 
controller were selected to duplicate a range of passive damping 
arrangements. Table 7.4 lists these passive arrangements and details 
the test conditions covered in each case. The guillotine test rig 
'and 
hydraulic shaker set-up as used in these tests is pictured in 
Figure 7.7. 
There were three principal objectives of this test work on the 
simulation of passive damping arrangements: - 
to establish that the results obtained 
in earl i er suspension 
development work (Whitehead 1983) could be reproduced and give added 
confidence to the subsequent trial results, 
to provide performance standards against which 
the semi-active 
control system could be assessed, 
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3) to investigate the limitations of conventional damping and damping 
control devices, such as bi-stable valves. 
The frequency response tests were all conducted using a Solatron 
Transfer Function Analyser Type 1170 which provided the drive signal to 
shaker and analysed the relative response of the sprung mass to the 
motion of the platten. 
The passive damping arrangements listed as I and 2 in Table 7.4 
duplicated the two arrangements for which test data was available. 
Frequency response plots in Figures 7.8-7.10 compare the results for the 
experimental suspension against those obtained in the earlier work. In 
each case there is a close correspondence between the principal features 
of the response curves, namely, the peak amplitude at resonance and the 
frequency at which this occurs. The successful reproduction of these 
results demonstrates the ability of the experimental suspension system 
to reproduce the behaviour of simple passive damping arrangements. This 
ability was then used to establish the performance of the original 
1. 
Jaguar damping arrangement (ref. Table 7.4 Arrangement 3). Figures 
7.11-7.13 show the frequency response results for the 'standard' Jaguar 
arrangement. These results were taken as the 'control' performance 
standard, viz: the standard against which all other damping arrangements 
being studied here are to be compared. 
Footnote 1. 
The experimental suspension system used here is an adaptation of the 2/3 
scal ed Jaguar main landing gear, built for a previous research 
programme. In that programme the original Jaguar 
damping coefficients 
were incorrectly scaled by (2/3 )2 (as represented 
by Arrangement 1 Table 
7.4). To correct this error Arrangement 3 was simulated 
in this work. 
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To investigate further the performance of the suspension system when it 
was passively damped required that three more arrangements be studied. 
Arrangements 4.5 and 6 in Table 7.4 were selected to cover the full 
range of conventional damping options. 
In the first of these, the damping coefficient in the compression stroke 
was increased by a factor of 4. This gave some improvement in the 
performance of the suspension (see Figure 7.14). A reduction in peak 
response was achieved; however, this reduction was accompanied by a 
degradation in the isolation achieved at frequencies above resonance. 
Such a loss of isolation performance under these circumstances was 
entirely expected. More importantly the arrangement did not meet the 
landing phase requirements and could not therefore be considered as a 
viable solution. What may be considered.. alternatively, is the use of a 
passive bi-stable valve to control the damping so as to meet the needs 
of the landing phase, whilst offeri-ng improved resonance control. The 
use of such a device was first discussed in Chapter 2. 
Arrangement 5 represents such a device with a valve closed damping 
coef fi ci ent . whi ch matches the standard recoi 
1 dampi ng 1 evel This 
arrangement was selected in an empirical manner based upon prior 
experience. 
This Ibi-stable' arrangement was first tested with a 'valve opening 
velocity' (VoV) of 1 in/sec. and then with increased values of 5 and 10 
in/sec. respectively. Figures 7.15 and 7.16 present the results 
obtained for these three settings and illustrate the large 
increase in 
peak resonance which results when the valve is overcome at, or 
below, 
the resonant frequency. As would be expected this problem 
is dependent 
upon the amplitude of excitation. In this way, 
the inherent limitations 
of such a passive damping device may be appreciated, as 
it is not 
possible to select a single set of valve parameters which 
will give the 
same level of performance over a reasonable range 
of excitation 
amplitudes and frequencies. The use of such 
damping devices is best 
suited to cases where the motion of 
the suspension can be well defined 
and is readily predictable, as 
is the case when pitch motions onto the 
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nose gear occur as a result of main gear braking. 
The last of the pass, ive damping arrangements to be tested in the 
frequency response trials was selected to represent the extreme 
condition where the maximum achievable damping was applied in both 
stroking directions. Figure 7.17 shows the frequency response plot for 
this condition with that for the 'standard' arrangement overlaid. The 
dynamic stiffening of the suspension resulting from the very high 
damping is clearly evident at all frequencies above 1.0 Hz. 
The evaluation of passive arrangements, using the experimental 
semi-active suspension system, has confirmed the limitations of the 
conventional passive damper and has also provided a standard against 
which the performance of the actively controlled suspension can be 
evaluated. 
The frequency response characteristics of the experimental suspension 
with the semi-active damping control operating was established next in a 
further series of response tests. 
In these tests both the 'linear damping constant' (ý 1 
), selected in the 
control algorithm, and the amplitude. of excitation were varied. The 
'out-of-phase' or 'residual ' passive damping coefficient ( XO) was fixed 
2 
. at 2.0 lbf/(in/sec) This value is regarded as negligible with'respect 
to the sprung mass, but should give adequate control of the responses of 
the unsprung mass, as discussed in Chapter 4. 
Figures 7.18 and 7.19 present. the results of the frequency response 
tests for the experimental semi-active suspension. These results 
confirm ability of this system to achieve both effective control of 
sprung mass resonance and good isolation of that mass at higher 
excitation frequencies. Furthermore, this desirable ability appears to 
be independent of the amplitude of excitation, which is considered to be 
an important characteristic, since the failings of passive 
damping 
devices are almost wholly related to this aspect of their performance. 
The maximum excitation frequency to which the experimental suspension 
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could be subjected was limited by the response characteristics of the 
hydraulic shaker apparatus. This lack of dynamic range meant that it 
was not possible to investigate the response characteristics of the 
suspension at or near the predicted resonant frequency of the unsprung 
mass. The hydraulic power available, and the maximum flow capacity of 
the shaker apparatus limited the excitation range to 15 Hz for an 
amplitude of about 1 in, for example. However, for the higher 
excitation frequencies that could be studied (viz. those above the 
sprung mass resonance i e. >1.5 Hz) it was f ound that- the dampi ng control 
valve was very active, switching between the 'On' and 'Off' conditions 
at approximately twice the excitation frequency. This high level of 
activity was occurring at a time when the response of the sprung mass 
was becoming greatly attenuated and when the need for shock absorber 
damping was also reducing to a minimal level. It was reasoned that the 
rapid switching of the control valve in this condition was unnecessary 
and therefore, should be avoided, to reduce wear and tear on the servo 
valve. 
It was felt advantageous for the control law to incorporate, therefore, 
a means of recognising when the fundamental frequency of the excitation 
is sufficiently greater than the sprung mass resonance so that the 
damping may be held 'Off'. A measure of this frequency could be 
obtained from the feedback of the stroking velocity of the shock 
absorber sjnce that signal was already provided. However, the analysis 
of this signal in 'real time' to obtain the fundamental frequency 
requires the use of a complex computational method such as the Fast 
Fourier Transform. The use of such a method with the experimental 
apparatus would have required the *addition of dedicated -signal 
processing equipment to augment the MINC to have achieved the data 
sampling and processing rates required. To avoid this complication a 
more pragmatic and much simpler, approach to this problem was adopted 
and this solution was investigated by modification of the control 
algorithm implemented in the digital controller and by further response 
tests. The modification involved placing of a 'dead-band' of damping 
within' the motion of the sprung mass,, viz. below a set threshold of 
sprung mass velocityg the damping was switched out, regardless of the 
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relative phases of the motion of the shock absorber and the sprung mass. 
The primary effect of this 'dead-band' was considered to be threefold. 
It eliminated unnecessary control valve activity when the sprung 
mass motion was at a low level and thereby ensured that the 
isolation of the mass at high frequencies was optimum, viz. response 
limitations of the control system do not impair the performance of 
the suspension. 
2) Considering the situation when an aircraft is taxiing on a smooth 
surface prior to crossing an obstacle, for example, the damping 
setting used will be that most appropriate to the case of an 
impending impact; ie. it will be switched 'Off'. 
There will be some reduction in the level of control of sprung mass 
motion which can be achieved by the suspension because the damping 
will be switched both 'On' and 'Off' at some finite time before or 
after that which is the ideal. 
The fi rst two of these ef f ects were consi dered to be benef i ci al , but the 
thi rd was not. Hence, to investigate the consequences of the 
'dead-band' modification, selected frequency response cases were 
repeated. A range of 'dead-band' magnitudes was tested from 1 to 4 
in/sec. It was found for this range that the peak resonance of the 
sprung mass was increased by only a small amount. In the case C, = 1.0 
for excitation amplitude of +1 in.,, the measured peak at resonance 
increased from 5.1 db to 5.6 db, a six percent rise in peak amplitude 
for the 4 in/sec condition. In the same case, at 10 Hz excitation the 
motion of the sprung mass was reduced from -25.7 db to -28.4 db. It was 
concluded from these tests that the speed of response of the 
damping 
control system was not sufficient to allow optimum performance at 
excitation frequencies above 8 Hz, and that the use of 
the 'dead-band' 
feature had compensated for this shortfall. Although this shortfall was 
not regarded as a significant failure of t, 
he damping control system, as 
the prime objective of the control system was 
to control the sprung mass 
motion at its resonant frequency which occurs 
below 2 Hz- The 
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semi-active control algorithm with the 'dead-band, modification is 
denoted as Version 2. 
7.2.2 Simulated Rough Runway Taxiing Trials 
To extend the testing of the experimental suspension system, the 
sinusoidal excitation of the vibrator was replaced by a more realistic 
representation of runway roughness. 
In this test a measured runway profile was input to the shaker as a 
function of time, via a PDP 11/10 computer. These input functions were 
representative of the aircraft's forward motion when taxiing at a 
constant speed over the runway. A set of eight cases at 20 knot 
increments through the range of 20 to 160 knots was conducted. In 
addition, an accelerated run at 0.437g, to represent a take-off case was 
included, together with deccelerations at 0.15g and 0.3g to represent 
landing roll-out with braking. 
In all these tests the computer was used as a 'real time' data 
acquisition device, as well as being used to provide a drive signal to 
the vibrator. 
The experimental suspension was instrumented to give calibrated output 
signals fo. r the following variables: - 
9 
DATA SET A 
Al Sprung Mass Displacement 
A2 Sprung Mass Velocity 
A3 Sprung Mass Acceleration 
A4 Unsprung Mass Acceleration 
A5 Shock Absorber Displacement 
A6 Shock Absorber Velocity 
A7 Shock Absorber Spring Pressure 
A8 Vibrator Platýen Displacement 
DATA SET B 
Bl Damping Pressure Difference 
B2 Compression Chamber Pressure 
B3 Recoil Chamber Pressure 
B4 Control Signal to Servo Valve 
B5 Servo Valve Spool Response 
B6 'Vertical ' Axle Load 
B7 'Drag' Axle Load 
B8 Vibrator Plaiten Displacement 
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These sixteen parameters were divided into two sets of eight, as shown 
above. Note that the vibrator platten displacement is shown in each 
set. To complete the data recording for each test case, two test runs 
were requi red. In one, data from transducer Set A was recorded and 
subsequently from Set B in the repeat. This was necessary because the 
number of variables that could be recorded simultaneously was limited to 
eight. This restriction was imposed by the size of the direct access 
data storage area of the PDP 11/10 and the need to maintain an 
adequately high data sampling rate. The lowest acquisition frequency 
used was 31 Hz (in the 20 knot taxi case); the highest was 252 Hz (for 
the 160 knot case). The 2700 data samples recorded for each parameter 
in each of the simulated taxi runs were transferred from the memory of 
the computer to magnetic disk for storage at the end of each run. 
The simulated taxiing trials were commenced with the experimental 
suspension being 'set-up' to represent the conventional passive damping. 
Arrangements 3 and 5 (ref. Table 7.3). These were to provide 
performance datums against which the semi-active control implementations 
could be assessed. 
* 
Figures 7.20 (a), (b) and 7.21 (a), (b) show in 
graphical form samples of the data recorded during these trials. A 
visual inspection of the data in this form indicated that: - 
The maximum system responses were recorded for taxi speeds in the 
range of 120 to 160-knots. 
2) Very little compression stroke damping was evident in the case of 
the standard damping arrangement, whereas, the higher valve closed 
damping introduced by Arrangement 5 did generate significant damping 
pressures. 
3) The bi-stable damping valve remained closed throughout each run 
except for a small number of short periods which occurred only in 
the higher speed cases. 
9 
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4) The presence of increased compression damping forces resulted in a 
general reduction in the responses developed by the suspension 
system. 
A simple statistical analysis was made of the recorded time histories to 
provide a more effective comparison of these tests and the subsequent 
cases, than a visual inspection could yield. The PDP-11 was used to 
process the data for this analysis and also to calculate the mean, mean 
squared, and the standard deviation values for each variable in each 
test case, with the addition of the velocity of the sprung mass squared 
as a measure of the kinetic energy levels being developed. This 
approach can give a quantitative assessment of the performance of each 
suspension arrangement. 
The relationships used to derive these measures were: - 
T 
Mean x x(t) dt 
T 
Mean Squared x2 x2 (t) dt 
0 
Standard Deviation a x2 - (X)2 
Of these, standard deviation was considered to be the most appropriate 
measure because it eliminates the mean value from the mean squared 
value. 
The simulated taxi trials continued with the experimental suspension 
set-up usi ng the ori gi nal semi-active control law implementation,, 
Version 1. Here, it was observed that the cases of- higher taxi speeds 
were accompanied by a number of short periods of rapid vibration of the 
suspension system that could be described as chatter. The suspension 
system did, however, appear to be functioning correctly for the majority 
of the time and the motion of sprung mass seemed to have been well 
restrained throughout. An examination of the data recorded in these 
high speed cases (an example of which is shown in Figures 7.22 (a) and 
(b)) confirmed the presence of bursts of vibration which caused some 
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concern as to the correct functi-oning of the control system during these 
periods. The particular features of interest were: - 
The duration of each short period of vibration was between 0.08 and 
0.180 second containing oscillations of near constant amplitude 
'at 
a frequency of approximately 50 Hz. These oscillations were most 
noticeable in the high order parameters, viz. accelerations, 
velocities and pressures associated with the unsprung mass and the 
shock absorber. 
2) The vibration occurred only when the shock absorber was tending to 
be closed and the sprung mass was falling, viz. at a time when 
damping is demanded. The closing motion of the shock absorber was 
. characterised by a step-like movement which did not appear in the 
displacement traces for the vibrator platten or the sprung mass. 
This indicated that the vibration may be associated with the 
excitation of the unsprung mass. ' 
3) The damping valve was found to be switching between its 'On. and 
'Off' states continuously throughout the duration of the vibration 
in response to the switching of stroking direction of the shock 
absorber. It was not clear from the recorded time histories whether 
or not this switching action of the control system was responsible 
for initiating or at least sustaining the oscillations of the 
unsprung mass. The characteristics of the mechanism involved here 
appeared similar to that of a limit cycle which can be experienced 
by non-linear control systems, ref. items 1) and 2) above. Stable 
limit cycling may be caused by non-linear elements in a control 
system, characteristics such as friction, hysteresis and time lags 
in switching functions are all known to be responsible for such 
oscillations occurring. 
-A reduced set of taxi cases, covering the high speed range only, were 
then run with the Version 2 control algorithm. The pattern of behaviour 
exhibited by the suspension with this set-up was found to 
be very 
similar to that of the original yersion, with the same 
type of vibration 
occurring as before. 
-73- 
To study the behaviour of the suspension further, the trial was repeated 
first wi th the controller set-up to give the maximum possible 
conventional damping continuously and then with the controller 
functioning as an 'On/Off' semi-active damper, switching between that 
same maximum setting and the out-of-phase passive damping value that was 
used earlier. 
In the trial using maximum conventional damping, no vibration across the 
suspension was observed at any time and the motion of the sprung mass 
was well controlled. The recorded axle loads, however, were 
considerably higher than those for the semi-active test cases,, to such a 
degree that this trial had to be stopped at a speed of 120 knots as the 
load limit of the suspension had been reached. 
This limit was not reached in the trial using the 'On/Off' maximum 
damping but the bursts of vibration were again evident and had the same 
characteristics which have been discussed. It was observed that for one 
burst of vibration the damping valve was not active but remained fully 
closed throughout. Additionally, the magnitude of the oscillations was 
similar to that recorded in the earlier case when the valve had been 
switching. It was considered possible that the very short time in which 
the velocity of the shock absorber changed its sign was below the 
recursion time of the controller and therefore was not sensed in this 
case. Such reasoning implies that the vibration experienced by the 
suspension'is primarily associated with the initial rapid switching 'On' 
of a high level of damping at a time when the relative velocity is large 
and the damping forces generated are also high. In this condition the 
closing motion of the shock absorber becomes a series of steps as the 
unsprung mass vibrates between two effectively undamped spring elements, 
one of these being the dynamically-stiffened shock absorber which with 
high damping can behave like an elastic column of oil and the other 
being the tyre. Additionally, the switching action of the semi-active 
control function which occurs in response to this vibration appears to 
have a sustaining effect on the vibration but is not primarily 
responsible for it. A simple linear mathematical analysis of the 
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suspension of the unsprung mass gave an estimate for its frequency of 
vibration which was close to that found in practice. In this analysis 
it was assumed that the shock absorber acted as an enclosed column of 
hydraulic fluid when the high damping was switched 'On'; viz. the 
damping circuit behaved as a 'liquid spring' which has a stiffness, kdý 
given by the expression below: - 
2A 2 
'BE 
v 
Where : 13 E is the overall bulk modulus of the hydraulic damping circuit 
= 68100 lbf/in 2 (Chapter 8 contains a discussion on the causes 
and other effects of this relatively low figure). 
A is the hydraulic working area of the shock absorber 
= 3.85 in 2 
and V is the half the volume of the hydraulic damping circuit 
3 16.75 in 
For the values quoted the 'liquid spring' had an apparent stiffness of 
120,600 lbf/in along the axis of the shock absorber. However, the lever 
geometry arrangement of the experimental suspension results in the 
stiffness being taken as 24,500 lbf/in at the axle in the vertical plane 
where the unsprung mass was assumed to act. This simple analysis gives 
a value of the natural frequency of vibration of the unsprung mass as 58 
Hz, which was thought to be close enough to the measured frequency of 50 
Hz to support the conclusions discussed earlier. 
The switching function action is fundamental to the performance of the 
semi-active control of damping. However, it was thought likely that a 
practical method for curing the vibration suffered by the gear would be 
to regulate the rate at which the damping is introduced when it is 
switched from its 'Off' to its 'On' condition. The semi-active control 
algorithm was modified so that when the damping was switched 
'On' the 
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servo valve orifice was closed in a progressive manner on the assumption 
that the build-up of damping forces would then not be too rapid and 
would not then result in the unwanted excitation of the unsprung mass. 
This modification is referred to as Version 3. 
The rate at which the damping orifice area could be reduced, and 
therefore at which the dampi-ng could be increased, was limited by 
allowing the servo valve to move only half the desired amount at e ach 
execution of the control loop. In this way the large step increase in 
damping being demanded by the semi-active control law from the 'Off' to 
the 'On' stat es was eff ec tively filtered so that the closing movement of 
the valve was similar to that of a first order lag with a time const ant 
of approximat ely 5 msec. 
A full series of runway response trials was then carried out to test the 
effectiveness of the modified control law. An example of the data 
recorded in this trial is given in Figure 7.23. The vibration 
experienced in earlier trials was still discernible in the plots of 
acceleration of the unsprung mass, of th e velocity of the shock 
absorber, and of the pressure of the damping chamber, but the magnitude 
of each oscillation was now greatly reduced. Additionally,. there was no 
recurrence of the unstable switching 'On and Off' of the damping by the 
controller, which had been associated with the large amplitude 
vibrations.. 
A visual comparison of the time histories recorded in this and in the 
earl i er semi-active trials indicated th ' 
at the Version 3 control 
algorithm gave a superior overall performance, the excursions of 
both 
the sprung mass and the shock absorber were reduced throughout. 
The 
statistical analysis of this test series gave the same 
indication. 
Prior to discussing these findings in detail, a second feature of the 
semi-active control system's behaviour was studied. 
This feature was 
evident in the occurrence of single peaks of 
large magnitude in the 
graph of shock absorber stroking velocity. 
These peak velocities were, 
in general, coincident with a change 
in sign of the velocity signal of 
9 
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the sprung mass and preceded a corresponding change in the direction of 
the shock absorber's motion, see Figure 7.24. This is an inherent 
feature of the semi-active control of damping in a two degree-of -freedom 
suspension. Each rapid rise in the stroking velocity of the shock 
absorber occurred as the required level of damping force decreases in 
proportion with the reducing velocity of the sprung mass. 
Thi s reduction in required damping force would result in a net 
out-of-balance in the suspension forccts applied to the unsprung mass by 
the shock absorber and the tyre springs. Such an out-of-balance force, 
that exceeds the friction forces present, can only be corrected by a 
change in. stroke of the opposing spring elements to establish their 
appropriate equilibrium positions. This corrective movement can occur 
rapidly as the damping present in the shock absorber is selected to be a 
low value and the unsprung mass is not large. The rapid motion of the 
unsprung mas-s did not appear to hinder the operation of the suspension 
system. However, a vibration of the unsprung mass was induced as the 
equilibrium condition was reached, which, although being short and 
transient, caused the control system to switch 'On' the damping 
unnecessarily. A further undesired effect was the possibility that 
these high rates of shock absorber movement could occur at the limits of 
its travel and could result in structural damage to the unit. 
The use of the damping control system to reduce these peak shock 
absorber stroking velocities was investigated by experimentation. This 
work involved controlling the release of any energy remaining 
in the 
damper when it is switched to the 'Off' state. A procedure was 
devised 
to compensate for the limitations of the damping control system which 
was unable to respond adequately to the rapid movement of 
the unsprung 
mass. This limitation can result in some 
damping force remaining when 
the control law requires that this force is zero, viz; when 
the sprung 
mass velocity is zero. The solution adopted was similar 
to that used 
with the closing motion of the control valve. 
In this case however, the 
control algorithm was modified so that when 
the damping 'Off' state was 
selected, the valve would open progressively. 
This rate of change of 
the position was made adjustable 
by selecting the number of executions 
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of the control loop taken to move the valve to the damping off, 
setting. 
This modification was denoted as Version 4 and it was made to the 
standard control algorithm, Version 3. Next, a series of tests were 
conducted in which the number of executions of the control loop taken to 
step the servo valve between its damping 'On' and damping 'Off' states 
was increased from 2 to 14. A summary of the results obtained in these 
tests is presented in Table 7.5. The results corresponding to the 
earlier tests are also shown for comparison. 
The Version 4 algorithm gave superior control of the unsprung mass, but 
this improvement. was achieved at an increasing penalty to the control of 
the sprung mass motion which was evident from the frequency response 
test results. This penalty was not large and was not obvious from the 
standard deviation measure. It was considered that this modification 
was useful, although not critical, to the functioning of the control 
system. 
A full series of runway profile tests was then conducted for the Version 
4B semi-active' control algorithm since this version gave the best 
compromise between the apparently conflicting requirements for the 
control of the sprung and unsprung masses. 
Prior to presenting and discussing the results of 'this latest trial and 
those from the preceding runway profile trials, a further adaptation to 
the control algorithm was investigated. This version combined the 
'dead-band' feature of Version 2 with the regulated switching of damping 
developed in Version 4B. This was the final development to be tested 
and is referred to as Version 5B (the B suffix was retained to denote 
that Version 4B was used as its source). 
This combination was investigated because it was considered likely to be 
the most acceptable of the semi-active control algorithms proposed in 
this work. Trials experience has shown that the experimental system 
required the rate at which damping is switched 
'On' and 'Off' must be 
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carefully regulated. Additionally, it was found desirable to limit the 
operation of the damping control system, by the use of a 'dead-band' in 
the control . to periods of time when the motion of the sprung mass is 
forced to respond beyond a preset threshold velocity. 
Version 5B was subjected to a series of frequency response and runway 
profile trials in which the threshold of the 'dead-band' placed on 
sprung mass velocity was first set to 2 in/sec. and then increased to 4 
i n/sec. 
The results of the frequency response tests showed, as was expected from 
the tests on Version 2, that increasing the threshold of the 'dead-band' 
penalised the control of sprung mass motion at and around the resonant 
frequency. Table 7.6 contains a summary of these findings and those of 
all of the preceding frequency response tests conducted during this 
work. 
The penalty incurred in the case of a2 in/sec. threshold was to 
increase the amplitude of resonance from 5.25 db to 5.5 db, whereas in 
the 4 in/sec. case, the corresponding increase was to 5.7 db. These 
figures do not represent significant losses in performance of the 
suspension when the benefits of this final control arrangement discussed 
earlier are considered. An inspection of the statistical analysis of 
the profilp trial results for Version 5B showed that its performance was 
approaching that achieved by Version 4B in the upper-end of the taxi 
speed range but it was less effective in the 40 to 80 knot range. This 
effect was most apparent with the 'de. ad-band' feature incorporated in 
this option which was set to +4 in/sec. 
The nature of the ground profile used in these rough runway tests was 
such that the responses of the suspension were generally low for the 
lower taxi speeds. This feature is evi dent when comparing the standard 
deviation values of the displacement of the driven platten and the 
response of the sprung mass, in the 60 and the 160 knot test cases, as 
shown overleaf. 
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STANDARD DEVIATION LINEAR RATIO OF 
Pl atten Sprung mass 
or 
i 
Displacemnt Displacemnt a X3 cr 
X I 
EQUIVALENT TAXI SPEED 60 160 60 160 60 160 
knots 
STANDARD JAGUAR DAMPING 0.887 1.08 1.93 1.22 2.18 
PASSIVE VERSION 3 
SEMI-ACTIVE CONTROL 0.885 1.01 1.18 1.14 1.33 
VERSION 4B 
VERSION 5B 0.885 1.05 1.29 1.19 1.46 
(THRESHOLD =4 in/sec) 
It was noted that when the threshold was set to 4 in/sec., that the 
dampi. ng remai ned ini ts ' Of fI state f or much of the ti me when the taxi 
speeds were low and the active control of sprung mass motion was not in 
effect. With a threshold setting of 2 in/sec., however, this situation 
was not evident. 
The selection of the most appropriate threshold velocity will depend upon 
the severity of the roughness criteria the suspension system is designed 
to meet. Although the performance of the higher threshold tested was not 
considered to be significantly inferior to that of the lower threshold, 
for the test profile-used in this work. 
The statistical analysis of the results of these latest adaptations and 
those of the other damping arrangements have been compared against the 
base-line performance of the 'standard'Jaguar arrangement. In this 
comparison the measure of standard deviation was considered to 
be most 
appropriate. 
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Figures 7.25(a)-(d) and 7.26(a)-(d) present the results of these 
comparisons in which the percentage change in the standard deviation 
from the performance of the base-line arrangement has been calculated 
for each of the experimental damping arrangements that were tested. 
Only four of the measured output variables are presented, these were 
selected because, 
sprung mass di spl acement and the square of its velocity are 
proportional to the level of energy transmitted to the sprung mass 
by the suspension system, 
2) whereas, sprung mass accel erati on and vertical axle load are 
considered to be representative of the forces experienced by the 
ai rf rame and the landing gear, which are closely related to the 
important factors of structural fatigue of the aircraft passenger 
comfort and pilot fatigue. 
It is clearly shown in these comparisons that the semi-active suspension 
was very successful in reducing the responses of the sprung mass and the 
forces developed in achieving this control over a wide range of 
excitation conditions. This improvement is most noticeable at the 
higher end of the speed range where the under-damped standard Jaguar 
arrangeme9t responded significantly to the ground profile input. 
It was also evident that the bi-stable (Improved) passive damping 
arrangement could also offer some worthwhile improvements in 
performance. In general this improvement was less than one third that 
achieved by the better semi-active control algorithms. 
7.2.3 Simulated Runway Repair Profile Crossing Trial 
Test work on the experimental suspension concluded with a short series 
of tests in which the hydraulic shaker set-up was used 
to simulate 
taxiing over an lidealised' runway repair. 
In this series of tests only 
a limited selection of passive and semi-active 
damping arrangements were 
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studied, Table 7.7 details the selections made and also shows the repair 
profile used, this profile is typical 
* of 
the AGARD type discussed in 
Chapter 3. The selected repair height of 52mm was factored by 2/3 to be 
in line with the scaling of the model suspension. At this height the 
hydraulic shaker was able to represent the rising ramp of the profile 
for range of taxi speeds that included the resonant condition for the 
suspension. In the case of very high speed taxi, above 120 knots, the 
response of the shaker proved inadequate to successfully reproduce the 
gradient of-the leading edge of the ramp. 
Figures 7.27 (a), (b) and 7.28 (a)-(b), are representative of the data 
recorded in these trials for the test case that resulted in the maximum 
sprung mass responses. Data for the standard damping arrangment is 
shown in Figure 7.27 and Figure 7.28 presents data for Version 5B of the 
semi-active control with a threshold value of 2 in/sec. It is evident 
from a comparison of this data that the semi-active arrangement is both 
able to control the responses of sprung mass and to reduce the loads 
developed. To more fully compare the performance of the range of 
damping options investigated, Figures 7.29 (a),. (b) and (c) were 
prepared. 
Three measures used to assess the relative performance of each damping 
arrangement were; I) the excursion of the sprung mass in response to the 
input profile, 2) the peak vertical axle loads developed on impact with 
the leading edge of the repair, and 3) then in response to the crossing of 
the repair. 
From these figures there are several significant features that are 
indicative of the performance benefits of the semi-active suspension: - 
The motion of the sprung mass was significantly reduced 
by all of the 
versions of the semi-active suspension. 
These reductions are 
approximately twice that achieved by the 
improved passive damping 
arrangement when compared with the performance of 
the standard 
arrangement. 
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2) A similar pattern of improvements are found when 'response' loads 
are compared, these loads are developed as the suspension responds 
to traversing the repair. The superior damping of the sprung mass 
achieved by the semi-active system leads to the reduction of the 
maximum load as the motion of the sprung mass is attenuated. 
3) The plots of 'impact' load do not follow the same pattern because, 
damping forces generated when the unsprung mass is driven upward 
onto, ramp tend to increase the forces that are developed and are 
therefore not desirable. Also higher 'impact' loads will result in 
the transmission of more energy into the sprung mass and will 
further penalise the benefit derived from the higher damping forces 
in controlling the 'response' phase motions. This dilemma is seen 
in the results for the improved passive damping Arrangement 5, which 
shows a reduction in 'response' loads but an increase in 'impact' 
loads. ' It is significant, therefore, that the semi-active system 
achieves both the lowest levels of 'impact' loads and the best 
control of the subsequent 'response' motions of the sprung mass. 
In this brief study only a single repair profile was simulated as 
demands upon. the test equipment didnot allow time for further work to be 
undertaken. However, it is evident from these results that the 
semi-active suspension would continue to offer superior performance were 
multiple repair mats to be considered. As the most important feature of 
multiple repair mats is the effectiveness with which the suspension 
system is returned to its stable state, so that the subsequent repairs 
may be encountered in a best condition. However, this condition should 
not be achieved by a mechanism that increases the loads resulting 
from 
'impact' as this would simply eliminate any benefit when crossing 
multiple repairs. 
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4 
Chapter 8 
Justification and Verification of Mathematical 
Model and Simulation of th e Experimental 
Semi-Active Suspension 
The principal elements of the theoretical mathematical model of the 
experimental semi-active suspension were discussed in Chapter 6. To 
verify the assumptions made in that work the results and data recordings 
obtained from experimental work are now analysed and a comparison with 
results obtained from a simulation based on the mathematical model is 
made. This study was intended to validate the modelling techniques used 
in the simulation. 
An important part of this study was to assess and adjust, if necessary, 
the values of coefficients and parameters that had been assumed 
originally, such as the dynamic characteristics of the gas spring and 
the tyre, the bulk modulus of the hydraulic fluid in the damping 
circuit, and the flow characteristics of the servo valve, for example. 
The simulation of the suspension system as a whole was next studied, and 
the results of frequency response tests and the data recorded in those 
tests were used to validate the model. This process included the 
simulation of the adaptions made to the control algorithm during the 
experimental development work. 
8.1 Simulation of the Principal Dynamic Characteristics of the 
Experimental Suspension System 
8.1.1 Shock Absorber Spring 
The behaviour of the shock absorber's gas spring has a very significant 
effect on the overall characteristics of the experimental suspension 
system. 
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This behaviour is principally dependent upon the rate of change of 
volume of the gas. When the gas is either compressed or expanded 
slowly, the load against stroke function of the shock absorber is 
assumed to correspond to 'isothermal' characteristics. However, when the 
stroking rate is increased, the gas compression function tends to 
idealised 'adiabatic' characteristic. The simulation of this complex 
behaviour was simplified in this work by assuming that the compression 
and expansion of the gas followed an adiabatic function that passes 
through a fixed static balance point or operating point of the 
suspension which is defined by the 'isothermal' spring. This assumption 
is supported by the examples of the shock absorber data recorded in the 
frequency response and the simulated rough runway taxi tests examples of 
which are shown in Figures 8.1(a) and (b). A close agreement with the 
predicted 'adiabatic' spring function is seen in both cases. 
From the data of the frequency response test it can be seen that there 
are present friction forces in the movement of the separator pistons 
which result in a hysteresis. Similar evidence of hysteresis was also 
found in the taxi test results. In this case there is, however, a more 
complex pattern apparent in the behaviour of the spring, which is to be 
expected because there is more variation in the stroking velocity of the 
shock absorber. The variation in resulting behaviour of the spring is 
discernable but it is not considered large enough to be significant. 
This variation in spring characteristic did not exceed + 2% of pressure 
for a given shock absorber stroke. Also in this case a small number of 
suspect data points are evident. It is thought that these were caused 
by the momentary failure of electrical contact between wiper and coil of 
the displacement potentiometer used to measure the stroke of the shock 
absorber and they may be ignored therefore. 
8.1.2 Dynamic Characteristics of the Tyre 
For the purposes of analysis the dynamic characteristics of 
the tYre 
were assumed to be linear. This assumption was 
founded upon two 
points: - 
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the spring characteristic is nearly linear throughout much of its 
working range, 
2) the damping associated with the tyre is attributed to friction 
within the structure of the carcass. Although such friction is 
generally non-linear, it may be taken as linear because only 
relatively small forces are involved. 
In this work the value of spring rate selected for the tyre was derived 
from data supplied by the manufacturers, there was no equivalent data 
available, however, to derive a linear damping coefficient. An estimate 
for this value was taken from the experimental work of Collins and Black 
(1968), which was known to be merely an approximation to the test 
situation relevant to this work. Their data relates to lateral motion 
whereas vertical motions are of interest here. Nevertheless, it was 
assumed that a similar friction mechanism ie. friction within the 
carcass, is involved in all deflections of the tyre and therefore in the 
absence of other data, this approximation was used. 
A frequency response test was conducted with the sprung and unsprung 
masses 'locked' together so that they were suspended on the tyre only. 
This test was conducted to assess the 'dynamic' behaviour of the tyre 
when it is assumed to act as a linear spring and damper combination. 
The shock absorber was effectively removed from the suspension system by 
being 'locked' hydraulically by the equal pressurisation (3500 psi) of 
the damping chambers. The result of this test is presented as 
Figure 8.2. As expected, the frequency response behaviour of this 
system shows characteristics typical of such systems with very low 
damping, that results in high amplitude ratios at resonance, with a 
sharp peak appearing in the response curve. This characteristic was 
shown earlier in Figure 4.2 and as defined by equation 4.1. 
The following equations are characteristic of the forced vibration of a 
linear single degree-of -freedom with damping (ref. Figure 4.2), 
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x2 
lk 
1 
and wcW nvfT-T--77ý7 I when < 
0.1 
VF7m by definition, and B=2ý v'k--. m 
Where: 
-x1 
is the maximum or resonant amplitude ratio of response of the 
2 sprung mass, 
wC is the frequency at resonance 
and the remaining symbols are as defined in association with 
equation 4.1. 
Using the above equations and the test results taken from Figure 8.2, 
where; wc = 2.4* 2n and x 1, "x2ý 11 .2( or 2ldb), the resulting dynamic 
spring stiffness of the tyre (k) is 3163 lbf/in and the linear damping 
constant (B) is 15.1 lbf/(in/s), which represents approximately 4% of 
critical damping of this test arrangement of the suspension. An 
allowance of 3.6 lbf(in/s) was made in the calculation of this damping 
term to account for those friction forces present between the sprung 
mass and the guide rails of the guillotine drop test rig and which were 
considered to be significant in this test. Appendix C details the 
calculation of this contribution to the damping of the sprung mass. 
The estimate of tyre spring stiffness of 3163 lbf/in. is very close to 
the value of 3094 lbf/in which had been used previously. However, there 
is some discrepancy in the values for damping coefficient. A value of 
9.0 lbf/(in/s) was used previously. It is thought that such a 
difference will not have too great an effect on the results of the 
simulation except when the excitation frequency is near the natural 
frequency of the unsprung mass which lies in the range 20 and 30 Hz. 
However, the selection of a residual out-of-phase damping coefficient 
for the semi-active suspension, which was discussed in Chapter 4, 
depends upon the inherent damping of the tyre, both tending to control 
the motion of the unsprung mass. The level of residual damping was 
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shown to have little effect on the performance of the semi-active 
suspension in its primary function of controlling the motion of the 
sprung mass. The discrepancy in the tyre damping coefficient was not 
thought to be significant in the overall performance of the suspension. 
There does remain, however, a difficulty in future work where different 
tyres might be used. There is a need to obtain an appropriate value of 
tyre damping coefficient for vertical motion such work is not likely to 
interest other experimenting in the field as the study on tyre dynamics 
is generally concerned with lateral and torsional properties usually for 
the purpose of analysing the phenomenon of shimmy. 
8.1.3 Friction Forces in the Shock Absorber 
Assessment of friction forces within the shock absorber at low stroking 
velocities and also for release from a stationary position was possible 
during the load against deflection tests which were detailed and 
discussed in Chapter 7. Extending this assessment to include the higher 
stroking velocities experienced by the shock absorber is not 
straight-forward. However, there is a hysteresis apparent in the gas 
spring data shown earlier in Figures 8.1(a) and (b). In the case of the 
frequency response test data it is known that the stroking velocity 
varies linearly throughout the stroke and is at its maximum at or around 
the static operating point of approximately 3.18 in. It is noticeable 
that although there is a significant variation in stroking velocity and 
gas pressure the magnitude of the apparent friction force does not vary 
greatly as a result, viz. the magnitude of the hysteresis does not vary 
significantly. It was not possible to investigate this feature further 
as no direct measure of the total shock absorber force was available. 
This observation does support the assumption that the friction forces 
that result from the elastomeric seals are not dependent upon stroking 
velocity, but it is contrary to the conclusion drawn from the isothermal 
spring test results, that the friction force rose in proportion with the 
gas pressure. However5 the mathematical simulation was used to assess 
the effect of this variance of shock absorber friction on the frequency 
response of the 'Standard' Jaguar configuration. This was done since 
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the friction force is more significant when the hydraulic damping is 
1 ow. 
1k This study concluded that there was little difference between using 
either a single mean value of sliding friction force set at 4.5 percent 
of the static shock absorber force or varying this force as a function 
of the gas spring force as had been previously discussed. It is evident 
that both arrangements will dissipate a similar amount of energy during 
each cycle and therefore the similarity in the results obtained from 
both is not unexpected. It was also noted that using the simpler single 
mean value of friction force noticeably reduced the execution time of 
the simulation. It was decided therefore,, that it was reasonable to 
adopt this simplification of the friction force modelling. 
8.1.4 Effective Bulk Modulus of the Damping Circuit Hydraulic Fluid 
The effective bulk modulus of the hydraulic damping circuit is 
significantly influenced by the addition of the hydraulic hoses used to 
pass the fluid between the damping chambers in the shock absorber and 
the servo-valve. This arrangement is unique to the experimental landing 
gear. The use of hydraulic hoses was dictated by the lever geometry of 
this gear and the use of a large conventionally designed servo valve. 
The installation of the valve was designed to minimise both the length 
of the hoses and the deflections accommodated by each, so that high 
burst pressure hose could be used. However, as the manufacturers of the 
hose were unable to quote an effective bulk modulus for the hose 
selected (Aeroquip, steel braided, 4000 psi maximum working pressure)', 
and the limited relevant data that was available from textbooks showed 
that a very wide range of characteristics may be found, an assessment of 
the properties of the hoses was therefore thought necessary. 
The effective modulus of the fluid in the hoses was estimated by the 
measurement of the change in outside diameter of hose caused by a change 
in internal pressure p, of 1000 psi above and below a quiescent pressure 
of 2000 psi. This test was conducted at a mean oil temperature of 
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35 degrees Celsius to match the nominal temperature of the damping 
circuit fluid during the performance tests. The results from this test 
and the calculations to derive an effective bulk modulus are as 
follows: - 
External Diameter, Do, 1.0081 in. for p, = 1000 psi 
(Mean figure from the D 
o2 
1.0230 in. for pl= 2000 psi 
measurements taken) D o3 
1.0315 in. for p, = 3000 psi 
Internal Diameter,, Di0.55 in 
(Nominal) 
The direct measurement of the change in the internal diameter of the 
hose was not possible, so an estimate of the ratio of the strain at the 
inner and the outer diameters of the hose has to be made. The hose is 
regarded as a thick walled cylinder and is constructed from three 
concentric tubes,, each built up from a combination of steel braiding and 
fabric reinforced hard rubber. The structure of the hose is therefore 
very complex and its resulting material properties were unknown, 
however, it was thought reasonable to assume that the pattern stresses 
and strains across the hose wall would be similar to those of a 
homogeneous material. The strain at the internal diameter of the hose 
was therefore taken to be 2.25 times greater than that found at the 
external diameter. This ratio is given by the equation: - 
e02*D02 
ei D02+D12 
Where: - e is the strain on the outer diameter 0 
e. is the strain on the inner diameter 1 
D is the nominal external diameter 0 
Di is the nominal internal diameter 
Using this ratio and the measured deflections of the outer diameter, the 
average effective bulk modulus of the hose was calculated for each 
condition tested. This gave values of 15040 psi for the change in 
internal pressure from 2000 psi to 1000 psi, and 26750 psi for the 
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change from 2000 psi to 3000 psi. These results show a significan-1t, 
change in the stiffness of the hose as the pressure rises, this 
characteristic was assumed to be caused by some non-linear feature of 
the complex structure of the hose. The value of the effective bulk 
modulus of hoses was taken as 20900 psi which is the mean of those 
calculated above. Taking a value of 200000 psi for the bulk modulus Of 
the DTD585 fluid used in the damping circuit, the effective bulk modulus 
of the 4.76 in 3 of oil in the hoses is then 18930 psi. 
The oil in the damping chambers of the shock absorbers will also have a 
reduced bulk modulus due to cylinder stretch and compression of the 
seals. The sum of these effects result in an effective modulus of 102000 
psi for the 20.15 in 
3 
of oi 1 in the damping chambers. There isa 
remaining 8.6 in 
3 
of oi 1 in the chambers of the servo valve and its 
manifold, these enclosures are relatively rigid and the modulus of this 
oil is therefore assumed to be unaffected. 
The effective bulk modulus (13E) of the complete damping circuit may now 
be summed up as follows: - 
1 1 20-15 + 4.76 + 8.6 1 
'SE 33.51 10,200 18,930 200,000 psil 
Therefore 0E= 68,100 psi 
This value is lower than would normally be expected for conventional 
shock absorbers, for which values between 100,000 and 150,000 psi may be 
found. 
The mathematical modelling of the damping arrangement was devised to 
include oil compressibility. Using this representation an assessment of 
this feature was made by varying the bulk modulus of the fluid by a 
factor of 2.2. This variation was found to have little effect upon the 
overall response of the suspension when simulating the standard passive 
damping arrangement. Whereas, the effect upon the development of damping 
pressure in the case of the semi-active control system, was considered 
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important because, although the overall response of the spring mass was 
not significantly affected the purpose of the control system is to 
regulate damping force. 
The effect of the compressibility of oil in the damping circuit is to 
cause a delay (or lag) in any change of damping force in response to a 
change in the flow conditions. For a given control volume, the 
magnitude of this delay is dependent upon the bulk modulus and the rate 
of change of pressure. Figure 8.3 (a) and (b) illustrates the effects 
of these dependencies. The standard passive damping case Figure 8.3(a) 
shows that for the values of bulk modulus studied, effects of oil 
compressibility are only noticeable in the recoil portion of the cycle 
when the damping pressures are changing at a significant rate. This 
higher rate of change of pressure is similar to that found in the 
comparable semi-active case as shown in Figure 8.3(b). Both figures 
present a time history of shock absorber damping force for one cycle 
comprising a period of compression and a period of recoil of the shock 
absorber when the suspension is at resonance. Figures 8.3(a) and (b) 
show that although the peak forces developed are not greatly affected by 
the compressible nature of the oil in the damping circuit, whereas there 
is a noticeable time lag that increases and does become significant, in 
the case of the lower effective bulk modulus, when the rate of change of 
pressure is high and the damping orifice is small. In the case of the 
experimental semi-active suspension the lag on this occasion is in the 
region of 0.016 seconds which is comparable to the combined time lag of 
the recursion time of the digital controller and the response of the 
servo-valve. This time lag was found to reduce when the bulk modulus 
was increased to 150,000 lbf/in 25 to around 0.007 seconds, which Is 
considered to be more typical of a conventional shock absorber. Th-is 
lower value is still considered to be significant in the control of the 
damping force. The verification of the simulation of the damping forces 
developed in the experimental suspension system is discussed in the 
following section of this chapter. 
8.1 .5 Flow 
Characteristics and Dynamic Behaviour of the Servo Valve 
The flow characteristics of the servo valve and the discrepancies found 
between the expected dynamic behaviour of the valve and its performance 
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on test were discussed in Chapter 7. Furthermore, that chapter detailed 
the effects on the performance of the semi-active suspension of the 
limited maximum damping coefficient that was achieved in practice. The 
time histories of damping pressure and shock absorber stroking velocity 
were studied to assess these features of the servo valve as a part of 
the experimental semi-active suspension system. These showed that the 
maximum damping coefficient achieved was approximately 1100 lbf. se C2 /in 2 
which was the value expected, being consistent with the results of the 
flow test on the valve as discussed in section 7.1 and summarised in 
Table 7.3. To account for this feature in the mathematical simulation 
the minimum value of the orifice area of the valve was set at 0.0022 in 2 
which corresponds to a maximum damping coefficient of 1099 lbf. seC2 /in 2. 
To confirm the validity of this assumption and also those of the 
'pressure' based modelling of the hydraulic damping circuit, time 
histories of damping circuit pressures, recorded during the frequency 
response tests, were compared to those calculated by the analytical 
simulation. Figures 8.4(a) and (b) compare the damping force developed 
for 1.55 Hz and 3.0 Hz excitation frequencies at an amplitude of +1 inch 
with Version 5B of the semi-active control function. These comparisons 
show that the analytical simulation does give a good representation of 
the damping forces developed by the experimental suspension system. 
8.2 Simulation of the Performance of the Complete 
Experimental Suspension System 
The preceding sections consider the validation of the simulation of the 
principal elements of the experimental suspension system. To validate 
the modelling of the complete system, comparison is now made between the 
experimental and analytical results obtained for the experimental 
semi-active suspension. Figures 8.5(a) and (b) present these results 
for the Standard Jaguar damping arrangement and Version 5B of the 
semi-active control algorithm respectively. These figures show 
excellent agreement between the amplitude ratio and the phase lag 
behaviour of the sprung mass response for both damping arrangements. 
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Furthermore, to conduct an accurate analysis of the motion of the sprung 
mass, it is also important that the model correctly simulates the 
responses of those component parts of the suspension which had not been 
previously considered. Both experimentally and analytically derived 
time histories for the following system variables are compared in 
Figures 8.6(a) to (f); which represent the displacement and the 
acceleration of the sprung mass, the stroke and the stroking velocity of 
the shock absorber, the vertical ground load measured at the axle and 
the effective orifice area of the damping valve respectively. These 
plots are the steady frequency responses of the suspension for Version 
5B control algorithm when excited at the resonant frequency of 1.55 Hz. 
For this significant case, excellent agreement was found between the 
experimental and the computed variables presented. 
An important characteristic of the semi-active system should be again 
noted here which is clearly shown in the plot of shock absorber 
velocity. The stroking velocity rises sharply as the suspension enters 
the phase when the required damping force is diminishing rapidly before 
changing sense, which occurs prior to the corresponding change in sense 
of the motion of the damper. During this sequence the damping orifice 
area is increasing prior to being 'switched' to its 'Off' state when the 
sense of any damping force generated is determined to be detrimental to 
the isolation of the sprung mass; viz., when the damper can transmit 
energy to the sprung mass. 
te responses This frequency response test case represents the steady sta. 
Of the sprung mass at resonance and is of particular significance 
therefore. However, transient responses of the suspension are also 
considered important, but are not highlighted by this case. The repair 
profile test, in contrast,, represents a transient excitation of the 
suspension and was chosen to validate the mathematical simulation. 
Figures 8.8(a) to (f) show the comparison of experimental and analytical 
results for the case of a taxi speed of 100 knots, with the same set of 
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system variables being presented. These comparisons show that good 
agreement is also achieved for this transient case. 
A notable region of discrepancy between the experimental and analytical 
Ik results appears however, as the suspension traverses the trailing edge 
of the repair mat profile, ie. between time = 0.25 to 0.27 seconds. The 
time histories indicate that in the analytical case the load supporting 
the suspension falls more rapidly than occurred in the experiment. Thi s 
may have resulted from the failure of the shaker apparatus to reproduce 
the idealised profile of the repair mat. The discrepancy is not great, 
but can be discerned in Figure 8.7(a). 
Also it was noted in both sets of comparisons that in the experimental 
work the sprung mass exhibited a marginally higher damping than in the 
analysis case. This was most noticeable in the repair profile test 
case, during the 'response phase' motion, where the suspension returns 
to its equilibrium condition more rapidly than analysis predicts. This 
discrepancy results from the presence of friction forces between the 
sprung mass and its guides on the 'guillotine' drop test machine which 
act to oppose its motion and which have not been included in the 
mathematical model of the suspension. These friction forces were 
assessed during the experimental work as noted earlier in this chapter 
and detailed in Appendix C. However, since these forces are small and 
the apparent agreement between the experimental and analytical results 
is good no further investigation of thi s feature was considered 
necessary. It was considered reasonable to conclude from these 
comparisons and those made earlier, that the mathematical model 
developed to permit simulation of the experimental suspension is a valid 
means of predicting the performance and behaviour of a semi-active 
landing gear system. 
These comparisons have shown the response characteristics of the 
semi-active suspension system; to further emphasize the significant 
performance advantages offered by such a system over the conventional 
passive damping arrangement Figures 8.7 (a), (b) and 
(e) have been 
reproduced as Figures 8.8 (a), (b) and (e) with the test 
data for the 
-95- 
4 
standard Jaguar damping arrangement shown overlaid. 
This comparison shows the performance of the semi-active system to be 
superior to the conventi onal passive dampi ng arrangement. This 
significant superiority is achieved, in this case, through the 
characteristic ability of the semi-active system to behave as a lightly 
damped system during impact with the repair profile and a well damped 
system after the repair has been traversed when the suspension is 
returning to a state of equilibrium. This is a desirable characteristic 
because; 
the minimum amount of energy is transmitted to the sprung mass by 
the damper when the repair is traversed, 
2) the energy that is transmitted, largely by the shock absorber 
spring, is dissipated effectively, viz. the sprung mass is brought 
to rest in a short time (approximately one cycle) and the resulting 
accelerations experienced are kept to a minimum. 
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Chapter 9 
Conclusions and Recommendations 
This research investigation has studied, both analytical ly and 
practically, the application of semi-active control technology to the 
design of aircraft landing gear. The work included the development, the 
veri fi cati on, and the validation of a mathemati cal model of a 
semi-active landing gear system. 
A physical model of such a system was also built and used in an 
extensive programme of laboratory experiments to determine in a 
practical manner the potential benefits of this technology when compared 
with conventional passive damping arrangements. From this work the 
following conclusions were drawn: - 
9.1 
_Initial 
Theoretical Analysis 
a The semi-active control system (as defined in this work) can offer 
near optimum dampi ng characteristics and can overcome the 
significant limitations of passive damping arrangements. 
b This system is of the force-controller class of active suspension 
system and requires only a low level of control power to be 
avai I abl e. Such demands should be within the capacity of the 
power supply systems already existing in aircraft. 
c Adequate control of the resonant responses of the unsprung mass 
may be achieved by the selection of a conveniently low passive 
damping coefficient for the damping 'Off' condition for the 
control function. This was termed the 'residual ' damping of 
the 
shock absorber and did not have a significantly adverse effect 
upon the responses of the sprung mass. 
This situation is not 
unexpected as the mass of the unsprung element 
is small when 
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compared to the magnitude of the sprung mass. This relationship 
is normal for aircraft landing gear. 
9.2 Experimental Work 
a) The results of the experimental work confirmed the superior 
performance of the semi-active damping system when compared with 
both 'standard' and 'optimized' passive damping arrangements. It 
was also significant that this superiority was evident over a wide 
range of simulated ground roughness conditions. 
b) These advantages are significant and were achieved at a mean 
hydraulic power consumption of only 0.4 HP (300 watts). This 
figure is less than 2% of the rated output of the existing 
hydraulic system of the SEPECAT Jaguar aircraft. 
C There were practical difficulties in achieving the high damping 
forces that were demanded at the low values of stroking velocity 
of the shock absorber that were often present. These difficulties 
did limit the performance of the experimental system. The peak 
amplitude ratio of the sprung mass was found to be approximately 
10% greater than the value predicted when it was assumed that no 
limit is placed upon the coefficient of damping available from the 
shock absorber. 
dA series of modifications to the semi-active control algorithm 
were investigated during the experimentation. First, a 
'dead-band' feature was introduced to the semi-active switching 
function. The control algorithm was modified so that the damping 
was held in the 'Off' state when the absolute value of the 
velocity of the sprung mass remains below a pre-set threshold or 
dead-band limit. This modification was effective in compensating 
for the limited response of the damping control system, which was 
found to result in some loss of performance at excitation 
frequencies above resonance. Some loss of performance at and 
around resonance did result from this modification. This loss was 
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small however, when compared with the improvement gained at the 
higher frequencies. For excitation frequencies above 5 Hz. (ie. 
above three times the resonant frequency), this modification was 
effective because the motion of the sprung mass is well attenuated 
and little or no shock absorber damping is required. In such 
conditions the ability of the semi-active system to switch between 
its 'On' and 'Off' damping states does not give such a system a 
significant advantage over a lightly damped passive system. 
Further, the damping control system developed here was unable to 
provide the 'ideal' damping function at these higher frequencies. 
These limitations resulted in some energy being transmitted to the 
sprung mass as the demanded and the achieved damping forces became 
increasingly out-of-phase as the frequency of excitation 
increased. It was therefore a reasonable course of action for the 
damping control system to switch into its 'Off' state when it is 
no longer capable of responding adequately. 
The use of a dead-band about the sprung mass velocity signal is 
considered to be a useful addition to the original semi-active 
control algorithm to provide some compensation for the response 
limitations of the damping control mechanism. 
e) A fundamental feature of the semi-active system is the ability to 
switch, when appropriate, between high and low levels of shock 
absorber damping. In this way, such a system can compensate in 
part for the inappropriate location to which the shock absorber 
element is necessarily restricted. This feature can result in the 
need to provide large changes in the magnitude of the damping 
force across the shock absorber. Ideally, such changes should be 
achieved instantaneously. 
Data recorded in the simulated rough runway trials show that a 
rapid increase in this damping force can stall the closing motion 
of the shock absorber and initiate an undamped oscillation of 
the 
unsprung mass. This oscillation may then 
be sustained by the 
switching action of the control system that responds 
to the 
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changes in the sign of the velocity of the shock absorber. Thi s 
behaviour was detrimental to the suspension system. The damper 
was ineffective at dissipating energy from the sprung mass during 
such periods of oscillation. A pragmatic solution to this problem 
was developed and tested: the control algorithm was modified so 
that the rate of change of area of the damping orifice, when 
switching from 'Off' to 'On' was limited. In this way, a 
progressive increase in damping force was achieved, the shock 
absorber continued to close without tending to stall and this 
force was now available to oppose the motion of the sprung mass. 
This modification was considered as being critical to the correct 
functioning of the semi-active system and thereby to its 
performance. 
fA further development of the control algorithm was devised to 
improve the control of the motion of the unsprung mass. However, 
this improvement was gained only at the expense of a small 
increase in the peak response of the sprung mass. This 
modification is not considered to be critical to the primary 
purpose of the suspension system. 
With this change, the transition between the damping 'On' and the 
damping 'Off, states was regulated. This did not affect the 
characteristic rise in the stroking rate of the shock absorber 
which is a feature of a semi-active suspension system, shown 
c1 early in Fi gures 7.24 and 8.6 (d) . This rise occurs when the 
velocity of the sprung mass and the required damping force, are 
tending towards zero, while the magnitude of the apparent velocity 
of the 'ground'/excitation is increasing. It was reasoned that 
the limitations in the response of the damping control system 
tended to amplify this characteristic, because unwanted damping 
forces remained within the shock absorber when the damping device 
was switched into the 'Off' state. To compensate for these 
limitations the rate of release of the potential energy that 
remains stored in the damper was reduced by sequencing the 
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movement of the damping valve to its 'Off' position over a number 
of executions of the control loop. This action did result in the 
transmission of some additional energy to the sprung mass which is 
undesirable and degrades the isolation,, but was successful at 
reducing peak stroking rates, although these were still higher 
than those found in the case of the passive arrangements. 
The need to limit the stroking rate of the shock absorber is 
considered to be particularly important in the design of landing 
gear. If the rates occur near the limits of travel of the shock 
absorber then the travel stops of the unit must be designed 
accordingly. In the case of landing gears, devices such as 
hydraulic snubbers, or other force alleviating mechanisms, are not 
generally fitted. Therefore, the addition of such devices to cope 
with greater than normal end-stop impact velocities would add both 
weight and cost penalties. 
In conclusion, the ability of a two degrees-of-freedom semi-active 
damping system to allow high shock absorber stroking rates to 
occur, albeit only over small deflections, could result in a 
requirement for supplementary force limiting travel stops to be 
part of the design of a semi-active landing gear system. 
9.3 Validation of the Mathematical Model 
a For use in the analysis of the response behaviour of an aircraft 
suspension system during taxi, the complex characteristics of the 
gas spri ng may be represented mathemati cal ly by a single 
continuous function which follows the polytropic compression or 
expansion of the nitrogen gas that results from compression or 
extension of the shock absorber above and below its static balance 
closure, respectively. A polytropic index of 1.4 was found to 
give the best match with the behaviour for the semi-active shock 
absorber on test. This unit is of the separated type where 
floating pistons separate the gas and the oil volumes. 
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b The complex damping characteristic of the tyre has a strong 
influence upon the response behaviour of the unsprung mass of the 
landing gear, but a very much smaller effect upon that of the much 
larger sprung mass. When semi-active damping is applied to 
control the motion of the sprung mass, then adequate control of 
the motion of the unsprung mass can be achieved by using only a 
low level of residual shock absorber damping. However, the 
evaluation of an optimum value for this 'out-of-phase' damping 
coefficient will be dependent upon the inherent damping of the 
tyre which may not be accurately known because sufficient data to 
evaluate this characteristic is generally not available. It would 
therefore be advisable toassume that the tyre provides no energy 
dissipating capacity and so zero tyre damping should be assumed in 
this case. 
c The representation of the friction forces within the shock 
absorber is considered an important feature of the simulation. In 
the case of the lever geometry gear studied in this work, these 
forces were considered to result only from the elastomeric seals 
used in the shock absorber. It was found that the representation 
of these forces could be simplified without a significant loss in 
the accuracy of the simulation. For this simplification the 
forces of stiction and sliding friction were made independent of 
the stroke of the shock absorber and set at 8 and 4.5 percent 
respectively of the static load on the unit. 
dA pressure based model of the damping control circuit was included 
in the simulation to account for the compressible nature of the 
hydraulic fluid and the dilation of the pressure vessels that form, 
the damping circuit. In this work the significance of these 
effects was made greater because of the flexible hydraulic hoses 
that were a part of this circuit. The inclusion of these hoses 
reduced the effective oil compressibility of the damping circuit 
to approximately one half of that value which is considered 
normal. 
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The effect of this compressibility on the suspension was to cause 
a delay in the development of damping force in response to 
variations in the area of the damping control orifice. It was 
found that these delays may be of similar magnitude to those that 
result from the response of the servo valve and the time taken by 
the digital controller to execute the control algorithm. They are 
large enough therefore to be of significance in this case. 
However, for other designs of shock absorber this conclusion may 
be invalid. 
In summary, the proof -of -concept work detailed in this report has shown 
that the application of semi-active control technology to landing gear 
systems can be expected to provide significant performance improvements 
when compared with passive damping arrangements. Additionally, and of 
particular significance to aircraft, this improvement is achieved with 
only a low level of power input that is readily available from a power 
generation system already existing on an aircraft. This gives a 
semi-active suspension system a significant advantage over other active 
control technologies which will, in general, require very much greater 
levels of control power. This advantage results from the semi-active 
suspension system using control power to modulate the damping forces 
generated within an otherwise 'conventional' passive shock absorber, 
rather than using such power to provide the continous support for the 
vehicle as is the case for a fully active system. Additionally, 
retaining a passive spring element within the semi-active system yields 
a further advantage over other active suspension systems, since it is 
reasonable to assume that the semi-active damping control mechanism may 
readily be engineered in such a way that it would 'fail-safe' to a 
pre-set level of damping that is optimum for the landing requirement. 
Thus, in the event of a control system failure, the semi-active landing 
gear would retain a level of performance which would be equal 
to that of 
a similar conventionally damped arrangement. 
Itis suggested that semi-active technology 
is well suited for 
application to aircraft landing gears. 
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9.4 Recommendations 
In this study of semi-active control technology as applied to aircraft 
landing gear, the practical aspects of this application were only 
breifly considered. Additionally, only a single suspension unit was 
studied and mathematically modelled. Further, it has been assumed that 
a signal proportional to the absolute vertical velocity of the aircraft 
suitable for use as a feedback signal by the control system will be 
available. As noted in Chapter 5 and discussed in Appendix B, this is 
not a trival task and that a new motion sensing device may be required 
to provide such a signal. 
There is therefore a considerable volume of work that is both 
theoretical and practical which remains to be undertaken to fully 
develop this technology with respect to its use on aircraft. The topics 
of this work that are of a general nature and require continued study 
are considered to be as follows: - 
aA body motion sensing system that uses accelerometers, doppler 
microwave or some other transducer must be developed. 
Alternatively, the avionic systems of future aircraft must be 
designed to fulfil the requirements of a semi-active suspension 
system in this respect. 
b) The mathematical model should be extended to include a 
representation of the rigid body motion of the aircraft in pitch 
and in heave, and also of a multiple landing gear system viz. nose 
and main units. Additionally,, this extended model should be so 
formulated that the effects of the following fundamental features 
can be studied: - 
- the location and characteristics of 
the body motion sensors 
used to control each gear type; 
the use of alternative body motion feedback 
terms for the 
control of the nose gear and the main gears; 
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- the cross coupling of the primary modes of vibration of the 
aircraft in pitch and heave with reference to items a) and b); 
the effects of variations in the mass of the aircraft and its 
centre-of-gravity location. 
For example, the use of a signal proportionalto pitch rate alone as 
a feedback signal may be adequate to control the damping of the 
nose gear and correspondingly, heave rate for the control of the 
mai n gear. Such an arrangement may be reasonable because, in 
general, aircraft have a very uneven distribution of weight 
between their nose and main gears (typically the nose gear is 
required to support only twenty percent of the total mass of the 
airframe). As a result of this unevenness,, the rigid body 
responses of the airframe in pitch and in heave are dominated by 
the suspension characteristics of the nose and main gears 
respectively. Additionally, experience has shown that greater 
performance benefits are gained by improving the damping of nose 
gears rather than main gears. Thus, a signal proportional to 
pitch rate, of sufficient accuracy for use in the control of nose 
gear damping, is likely to be already available from the avionic 
systems fitted to modern aircraft. Then the need to devise a new 
motion sensing device may be avoided if semi-active control 
technology is required for the nose gear only. 
c The possible application of signal conditioning techniques 
in the 
frequency domain, such as the phase advancement of the sprung mass 
motion feedback signal to compensate for time delays 
in the 
system, for example. 
d) The study of the performance implications of 
limiting the 
capabilities of the damping control mechanism. 
For example; 
limiting the control of damping to the compression stroke only, 
and/or, 
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- the use of the 'On-Off' switching characteristic of the 
semi-active control law to modulate between two pre-determined 
values of damping coefficient. 
Both of these options would simplify the practical implementation 
of a semi-active damping system but may not result in sufficient 
performance benefits to justify the additional costs involved. 
e The semi-active system developed in this work should be tested 
experimentally over representative runway repair profiles on a 
linear dynamometer such as that operated by the Royal Aerospace 
Establishment at its Bedford facility. In such a test the effects 
of wheel rotation, horizontal drag forces, and the impact of the 
tyre upon an obstacle would be included. None of which could be 
represented in the laboratory shaker tests conducted in this work. 
This further test work is considered to be important because these 
effects,, although they are not considered to be individually of 
great significance, may collectively have an influence upon the 
performance of the semi-active suspension system. Additionally, 
in the laboratory test work, the representation of the impact of 
the gear with the leading edge of the repair mat profile was only 
fully successful for a limited range of equivalent taxi speeds. 
This limit was imposed by the response of the shaker system which 
proved incapable of simulating this impact at taxi speeds above 
120 knots which is below the normal maximum taxi speeds of many 
aircraft. Further,, it would be possible to test the suspension 
using a pair of repair mats in series. 
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VERSION 2 DEAD-&W CN SP14JW MASS 5.60 6.00 
VELCCITy - THRESHOLD =4 in/sec 
vERsicN 3 SWIlUi M DAMPING 'CN' STATE 4.40 5.05 - 
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vERSICN 5B swiTauM AS 4B WITH DEAD6-BAND 5.50 5.90 
AS 2- TBRFsmLD =2 in/sec- 
vERsICN 5B THREsHoLD =4 in/sec- 5.70 6.10 
TABLE 7.6 Sumary of Frequency Response Test Results 
for 
Passive and Serni-Active Damping Arrangements. 
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Profile : AST 403 * 2/3 Taxi SPeed : 160 knots Unit Load : 5350 1bf 
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FIGURE 7.20 (a) Rough Runway Profile Test Results 
for 
the Standard Jaguar Damping Arrangement. 
(Data Set A) 
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(Data Set A) 
16 
Profile : AST 403 * 2/3 Taxi SPeed : 160 knots Unit Load : 5350 lbf 
VER'lCrL rILE L,: ýO 
socc - 
C. 
0C3 ýL- 
2.5 2-S 3.3 3.5 .3s535S. Z S's 3. S q. 0 9. S ; O. s 
CONTROL CE'lq-4', 5ICNAL 
!, ý, 
pi 
.52 .02 
RECOIL CHAIPýElý 'RES5. 
.51G; .52.0 2.5 3.0 3.5 .34 -S S .0555.0 5.5 7-0 7. S 3.3 3 .59 .09 -b 10 rl 10 -S 
.......... 
COMPRESSION CH*9ER PRE55. 
ý 2GOC I -T- QI .-, -V-vvVI, vvIv 
0 
1 OGG 
a 
0 0.5 1 ýo I -S 2 
!G$3G3S0 
S' 
ý0 
5ý5 6ýG 5'ý', 
-"ýO 
I: S 9 
'C; 
9' -'S 
'9 ýO 
9ý6 10*G 
;0 
2 
'ýr 'ýs 
0 
LS 
OAM-ING PRE55JRt DIFFERENC 
z INC 
p 
ý 21 
"ýý 
.Q.!:, 
" 9: -5 -ý, 
17ý5S. s ; G-r, 10 S2337 
S7 
GROUN3 PROF! LE 
TIME SE'5 
FIGURE 7.23 (b) Rough Runway Profile 
Test Results 
for seud-Active Damping Version 3. 
(Data Set B) 
ýb 
C) 
fri 
CD 
C14 
C> CD Lf) 
C14 C14 
I 
(UT I [UT I[ O@S /UT 1 16 
FIGURE 7.24 Rough Rurrway Profile Test Results for 
Semi-Active Damping version 3 
- Enlarged and Truncated Plot of Data 
from Figure 7.23 for Selected variables. 
C14 
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FIGURE 7.27 (a) Repair Profile Test Results for the 
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Calculation of the Damping Coefficient of the 
Semi-Active Shock Absorber 
a0 
Qy, 
L 
-- 
Nf 
L 
'l' 
An analysis of the free-body forces on the shock absorber as represented 
above, yields the following equation: - 
LAS. + (A - Ad. PS d'Pd3_ Pd2 )- 
(Al ) 
spring force + damping force 
where L is the total axial load on the shock absorber, lbf, 
As is the working area of the spring element, in 2 
Ps is the pressure of the spring element, psi, 
Ad is the working area of the damping element, in 
2 
P& 6 Pd2 are the pressures of the two damping chambers, psi. 
-Al - 
edl &'d2. 
Assuming that the flow of oil , Qv, across orifice, ao, from volume I to 
vol ume 2 is frictionless and the flow rate against pressure drop 
relationship may be taken to follow a square law function, then; 
a2P (Pdj d2 (A2) Qv Cd o 
pp 
and 
Fd=X. X2 - (A3) 
where X is the shock absorber damping coefficent, lbf. seC2 /in 
2 
x is the stroking velocity of the shock absorber, in/sec, 
Cd is the coefficient of discharge of the orifice, 
(normally taken to be 0.655 for a shape edged orifice), 
P is the density of the hydraulic fluid, 
(normally taken to be 7.938*10-5 lbf. seC 2 /in. at 20'C for the 
hydraulic fluid known as DTD585 which as used here. ). 
Also, 
QV Ax- (AC d* 
FA 
and dd 
(Pdl - Pd2) - (A5) 
So, from equations A2 to A5 the shock absorber damping coefficient as 
defined may be exoressed thus: 
pA3 d 
2 (A6) 2Cd 2( ao 
For the normally assumed values of fo and 
Cd then; 
A3 d 
)2 - (A7) 
(104 ao 
-A2- 
Appendix B 
The Problem of Providing a Signal of 
True Vertical Velocity of an Aircraft 
During Taxi Suitable for Use by a 
Semi-Active Suspension System 
The experimental set-up of the semi-active suspension system made use of 
simple velocity transducers to sense the motions of the shock absorber 
and the sprung mass. These signals were used as feedback signals to 
control the damping function. However, when the application of 
semi-active control technology to an aircraft is considered, the 
measurement of the velocity of the sprung mass cannot be achieved so 
readily. Since the physical attachment of any transducer to an inertial 
ground reference is impractical, a remote means of sensing the motion of 
an aircraft in the vertical plane is therefore needed. This is not a 
trivial task but it is considered essential to the success of any 
semi-active suspension system. 
Modern tactical aircraft are equipped in general with complex navigation 
systems which are capable of producing a signal proportional to the 
vertical velocity of the airframe. Although such systems may be 
provided as standard on an "aircraft they are not designed with the 
particular requirements of a semi-active suspension system in mind and 
consequently, their performance is unlikely to be adequate. 
In the , case of an airborne I ner-ti al Navigation systems (INS),, the 
accuracy within which vertical velocity is held is low, a typical 
accuracy being + 12 in/sec. Additionally, when this 
information is made 
available outside the INS, via a data bus, for example, 
it is typically 
just a single element of a stream of data and 
is subject to a long 
latency, usually 15 msec. The resolution of such 
IN systems is normally 
+ 1.8 in/sec. which is better than the value of accuracy 
quoted earlier. 
This difference results from the use of 
barometric devices to provide 
datum height measurements which are used 
to yield a reference signal 
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corresponding to the rate of change of height of the aircraft. Such barometric devices have low response rates and limited resolution, but 
they are needed to update inertial ly-derived data which cannot provide 
accurate vertical velocities or displacements in the long term because 
of drift, bias offsets and other errors that are associated with the use 
of accelerometers. 
There is another common type of navigation system, known as Doppler 
Navigation Systems (DNS), which can also provide a vertical velocity 
signal Such systems use a number of microwave transmitter/receivers 
which provide a Doppler shift frequency signal that are a linear 
function of the relative speed of a target along the axis of the 
microwave beam. Additiona lly, since the sense of this speed may also be 
resolved, velocity may be obtained. This type of system has 
applications in both fixed and r*otor-wing aircraft and has a variety of 
uses that range from being a source of true ground speed data to enhance 
other navigations systems, to being a self-contained and independent air 
navigation system. In gen eral, the primary function of Doppler velocity 
systems is to provide hori zontal ground velocities along and across the 
heading of the aircraft. For those systems where vertical velocity is 
provided, an accuracy of + 7 in/sec. is typical within a range of 
+ 900 in/sec. No data for the latency of such signals was available. It 
is thought however, that it may be of a similar magnitude to the 
15 msec. typical of an IN system. 
It was concluded from this brief study that without modification neither 
class 'of airborne navigation system would be able to provide the 
-active suspension system. v, ýr-ý, -, cal velocity signal required by the semi 
To improve the accuracy and reduce the latency such a modification is 
considered likely to be very costly and is considered 
impractical for 
this application. It may be possible, however, that 
the specification 
for a new navigation system could include 
the requirements for a 
velocity s-ignal needed by a semi-active suspension system. 
Further, it 
could alsolbe possible to include the controller 
function of such a 
suspension system in the same package since 
the control algorithms 
involved in this task are relatively simple. Although 
this may offer an 
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elegant solution, it is thought that a sensor and control system dedicated to the suspension system would be a more practical 
arrangement. Additionally, it is thought that the sensor technologies. 
employed in the existing system He. accelerometers and Doppler 
microwave transmitter/receivers) can be applied to such a new system. 
If the requirements for such a combined system are considered, the 
following factors are thought likely to lead to difficulties; 
1) The i ntegrati on of an accel erometer si gnal :- 
a Accelerometers suffer from bias offsets, alignment error and 
drift errors all of which result in significant errors when 
integrated to give velocitY, even over a short period of time, 
b) The accelerometer/s may be affected by vibrations of the 
airframe which can occur at frequencies close to those of the 
rigid body motion in pitch and heave, normally in the range of 1 
to 3 Hz. 
c During taxi the aircraft will both pitch and roll, and will also 
be subject to large horizontal velocities and accelerations 
which will -result in cross products. These accelerations and 
Coriolis cbmponents may be sensed by a rigidly attached 
accelerometer that is nominally aligned in the vertical plane. 
2) The measurement of velocity by Doppler Microwave Devices: - 
a The fundamental accuracy of such devices is directly dependent 
upon the wavelength at which the microwave energy is generated; 
viz. the resolution of movement is proportional to the 
frequency 
of the source radiation. 
b The method used to convert the Doppler 
frequencies that are the 
output of such devices also has a strong 
influence on the 
accuracy and the band-width of the 
derived velocity. In 
general, the longer the period of 
time taken to acquire 
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Frequency-based information the better the resolution and the larger the band-width. A conflict between the accuracy and the 
response of such a device must be expected however. 
C The forward speed of the ai rcraf t wi 11 . at times, be very much 
greater in magnitude than the vertical velocities that are of 
interest here. The microwave sensor must therefore be able to 
distinguish between these two motions. This may require the use 
of two transmitter/receivers, one looking forward and down, and 
the other looking aft and down, to isolate the vertical from the 
horizontal motions and eliminate the effects of pitching motion. 
A third unit may be required if roll motion is found to be 
si gni fi cant. Pitching motion is considered however,, to be the 
greater problem as the magnitude of this motion is generally 
greater than that in the roll axis. 
d) These devices rely upon the reflection of radiation from the 
target (in this case the ground) and therefore they are affected 
by variations in the surface of the ground and the atmospheric 
conditions, such as water or oil for example, lying on the 
runway, and rain and snow being in the air. 
eA suitable location for mounting such a device may be difficult 
to. arrange because they are not generally very compact and must 
obviously be mounted on the underside of the aircraft where an 
uninterrupted view of the ground within their field of vision is 
possible. 
In conclusion, the problem of acquiring a signal proportional to the 
vertical velocity of an aircraft during ground manoeuvres, which can 
be 
used as a feedback signal in a semi-active suspension system, will 
require the development of a new type of motion sensin g 
device. There 
are two categories of avionic equipment which exist 
that most nearly 
meet the requirements for this new device. 
One uses inertial, 
gyroscopic . and barometric sensors, whereas . 
the other uses radiated 
microwave energy alone. Of these two technologies 
the integration of 
accelerations to yield the required velocity appears 
to be the most 
acceptable system practically for use on an aircraft. 
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Appendix C 
Calculation of a Viscous Damping Coefficient Equivalent 
of a Coulomb Friction Force 
For a single degree-of -freedom suspension system with a Coulomb friction 
force (F f ), with sinusoidal excitation, the equation of motion is; 
mM + k(x-u) ±Ff=F0 sin(wt) 
where mis 
kis 
Ws 
xs 
xs 
us 
F0 si 
the 
the 
the 
the 
the 
the 
n (w 
mass the sprung body, 
rate of the spring, 
frequency of the excitation, 
displacement of the sprung mass, 
acceleration of the sprung mass, 
displacement of the excitation, 
t) is the excitation force. 
(Cl ) 
The energy (Wf) absorbed by friction per cycle of the motion is a 
function of the distance travelled by the sprung mass and is given by; 
Wf= 41x* F fe dx 4Ffx0- (C2) 0 
If an equivalent energy (We) is assumed to be absorbed by an ideal 
vi scous damper whose f orce isaf uncti on of vel ocity F-b 
lft-x) 
. then de dt 
this energy approximates to; 
41XO b ý-X. dx 
e0e dt - 
(C3) 
This approximation is taken to be reasonable only where 
the actual 
motion of the sprung mass is close to 
being sinusoidal and the motion is 
lightly damped. 
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, 
as 
dx 
-"w sin (w t), then; Therefore dt oo0 
4fn/2 bx 2W COS2 (w 
0eoo ot). d(w 0t 
wbx 2W 
0- (C4) 
Equating Wf and We results in; 
bX 2W 0- 4F x 
hence be- 
4F f- (C5) 
n xo w0 
From test data the Coulomb friction force wa 
Using this value the following values which 
on the tyre characteristics, ie. x07 2.5 in., 
an equivalent viscous damping coefficient is 
Thus: - 
s estimated to be + 107 lbf. 
were derived from the test 
W= 0 2.4 (2 n) rad/s. , then 
found from equation (5). 
e=_4* 
107 
= 3.6 lbf/(in/s) 
- (c6) 2 n2 2.4 * 2.5 
Although this analysis is not mathematically rigorous, the test results 
did satisfy the assumptions made earlier and consequently the value of 
be was thought to be a satisfactory one. 
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